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INTRODUCTION 

This  proposal  was  based  on  the  hypothesis  that  during  in  vivo  angiogenesis,  endothelial 
PECAM-1 -dependent  ligand  interactions  with  other  molecules  in  the  membrane,  or  with 
proteoglycans  in  the  extracellular  matrix,  trigger  PECAM-1  tyrosine  phosphorylation  and 
an  association  of  PECAM-1  with  SHP-2.  This  facilitates  the  recruitment  of  SHP-2  to  the 
membrane  surface,  where  it  mediates  the  dephosphorylation  of  focal  adhesion  proteins, 
leading  to  increased  turnover  of  focal  adhesions  and  enhanced  endothelial  cell  motility. 
To  test  this  hypothesis  three  Specific  Aims  were  proposed: 

Specific  Aim  #1.  Define  the  role  of  SHP-2  in  mediating  PECAM-1 -dependent  cell 
motility.  Stable  cell  transfectants  expressing  PECAM-1  will  be  transduced  with 
adenoviral  vectors  encoding  one  of  three  SHP-2  dominant  negative  constructs  mutated 
in  the  catalytic  domain,  the  C-terminal  domain  that  mediates  interactions  with  scaffold 
proteins  or  in  both  regions.  Transduced  cells  will  then  be  analyzed  for  (i)  the  number 
and  distribution  of  focal  adhesions;  (ii)  the  occurrence  of  critical  focal  adhesion  tyrosine 
phosphorylation  events;  and  (iii)  cell  motility  using  established  in  vitro  models  of  cell 
migration  and  tube  formation. 

Specific  Aim  #2.  Characterize  the  PECAM-1 -dependent  ligand  interactions 
involved  in  PECAM-1 -mediated  cell  migration.  Studies  will  be  done  of  the  effects  on 
PECAM-1 -dependent  migration  of  altering  avb3  surface  expression  and  on  the 
association  of  av(33  with  PECAM-1  during  cell  migration,  while  a  possible  PECAM- 
1/perlecan  interaction  and  its  role  in  PECAM-1 -dependent  migration  will  be  investigated 
by  inhibiting  the  activity  of  perlecan  or  its  expression  by  PECAM-1  expressing  cells. 
Parallel  studies  of  the  regulation  of  these  interactions  by  angiogenic  factors,  as  well  as 
their  ability  to  trigger  PECAM-1  tyrosine  phosphorylation  will  also  be  included. 

Specific  Aim  #3.  Determine  the  role  of  endothelial  PECAM-1  tyrosine 
phosphorylation  and  ligand  binding  during  in  vivo  angiogenesis.  Transgenic  mice 
will  be  generated  on  the  PECAM-null  background  that  express  in  an  endothelial- 
restricted  manner,  (i)  wild  type  PECAM-1;  (ii)  mutant  PECAM-1  in  which  Y663  and  Y686 
have  been  mutated;  or  (iii)  mutant  PECAM-1  that  is  incapable  of  mediating  ligand 
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binding  due  to  mutations  of  K151  and  R152.  In  vivo  angiogenesis  will  then  be  studied  in 
these  transgenic  animals. 

BODY 

(Manuscripts  not  included  in  precious  reports  are  enclosed) 

Defining  the  Role  of  PECAM-1  in  Cell  Motility  (Specific  Aims  1&2) 

The  role  of  PECAM-1  in  endothelial  cell  (EC)  motility  was  studied  by  exploring  the 
activity  of  cell  transfectants  expressing  human  PECAM-1,  siRNA  treated  human  ECs 
and  ECs  isolated  from  wild  type  and  PECAM-1 -nul  mice.  These  studies  confirmed  the 
involvement  of  PECAM-1  in  EC  motility  and  that  PECAM-1  stimulates  a  motile 
phenotype  by  promoting  the  formation  of  filopodia  and  by  increasing  the  levels  of  cdc42, 
a  Rho  GTPase  involved  in  the  formation  of  these  cellular  extensions.  These  in  vitro 
findings  have  been  correlated  with  in  vivo  data  in  that  we  have  observed  decreased  EC 
filopodia  during  post-natal  retinal  development  (see  Cao  et  al.,  2009). 

As  part  of  these  studies  we  developed  a  novel  technique  that  allows  for  the  isolation  of 
pure  populations  of  murine  lung  EC’s,  that  others  will  certainly  find  helpful  (see 
Fehrenbach  et  al.  2009). 

Using  cell  transfectants  expressing  human  PECAM-1,  we  studied  the  effects  of  co¬ 
expressing  various  constructs  of  SHP-2,  as  well  as  the  effects  of  pharmacologic 
inhibition  of  SHP-2  phosphatase  activity,  on  PECAM-1-dependent  cell  motility.  The 
results  of  these  studies  suggest  a  model  for  the  involvement  of  SHP-2  in  PECAM-1- 
dependent  endothelial  cell  motility  in  which  SHP-2  binds  to  phosphorylated  PECAM-1, 
becomes  catalytically-active  and  dephosphorylates  PECAM-1,  leading  to  the  release  of 
SHP-2  from  PECAM-1.  The  liberated,  but  now  membrane  localized  SHP-2 
subsequently  targets  paxillin  to  ultimately  activate  the  ERK/MAPK  pathway  and 
downstream  events  required  for  cell  motility  (see  Zhu  et  al.,  2010;  DeLisser,  2011). 

Defining  the  In  Vivo  Activity  of  PECAM-1  in  Angiogenesis  (Specific  Aim  #3) 

Specific  Aim  #3  was  focused  on  defining  the  molecular  requirements  for  PECAM-1- 
dependent  function  in  vivo  using  PECAM-1  transgenic  mice.  As  a  part  of  these  studies 
we  focused  on  completing  the  characterization  of  the  angiogenic  phenotype  of  PECAM- 
1  -null  mice,  including  investigation  of  post-natal  lung  and  retinal  development  (see 
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DeLisser  et  al,  2006;  Cao  et  al.  2009).  Important  and  necessary  control  and 
comparative  studies  were  done  in  CD44-null  mice.  In  addition  parallel  studies  were 
performed  using  wild  type  and  PECAM-1-null  mice  which  demonstrated  that  PECAM-1 
in  the  late  progression  of  metastatic  tumor  foci  in  lung.  This  activity  is  independent  of 
angiogenesis  and  appears  to  involve  the  regulation  of  endothelial  derived  factors  that 
regulate  the  perivascular  environment  to  promote  tumor  growth  (See  DeLisser,  et  al. 
2010).  Difficulty  was  encountered  in  developing  the  transgenes  were  to  be  used  to 
generate  transgenic  mouse  with  endothelial-restricted  expression  of  wild  type  PECAM-1 
and  efforts  are  going  to  develop  these  mice. 

KEY  RESEARCH  ACCOMPLISHMNETS 

•  Endothelial  CD44  may  play  a  role  in  mediating  the  stability  of  new  formed  vessels 

•  PECAM-1  stimulates  EC  motility  by  promoting  the  formation  of  filopodia 

•  SHP-2  binds  to  phosphorylated  PECAM-1,  becomes  catalytically-active  and 
dephosphorylates  PECAM-1,  leading  to  the  release  of  SHP-2  from  PECAM-1.  The 
liberated,  but  now  membrane  localized  SHP-2  subsequently  targets  paxillin  to 
ultimately  activate  the  ERK/MAPK  pathway  and  downstream  events  required  for  cell 
motility. 

•  The  PECAM-1  null  mice  demonstrate  impaired  angiogenic  responses  in  a  number  of 
model  systems. 

•  PECAM-1  plays  a  role  in  tumor  metastasis  that  is  independent  of  its  activity  in 
mediating  angiogenesis 

REPORTABLE  OUTCOMES 

(1)  Manuscripts,  abstracts,  presentations 

•  Tzima,  E.,  Irani-Tehrani,  M.,  Kiosses.W.E.,  Dejana.E.,  Schultz,  D., 

Englehardt.B.,  Cao,  G.,  DeLisser,  H.M.,  Schwartz,  M.:  PECAM-1,  VE-cadherin 
and  VEGFR2  Cooperate  to  Initiate  the  Endothelial  Cell-Specific  Response  to 
fluid  Shear  Stress.  Nature  437:426-431,  2005. 

•  DeLisser,  H.M.,  Helmke,  BP.,  Cao,  G.,  Egan,  P.,  Taichman,  D.,  Fehrenbach,  M., 
Zaman,  A.,  Cui,  Z.,  Mohan,  G.,  Baldwin,  HS.,  Davies,  PF,  Savani,  RC.:  Loss  of 
PECAM-1  Function  Alveolarization.  J.  Biol.  Clinic  281:8724-8731,  2006. 


6 


PI:  DeLisser,  Horace  M 


•  Cao,  G.,  Savani,  R.C.,  Fehrenbach,  M.,  Lyons,  C.,  Zhang,  L.,  Coukos,  G.,  DeLisser, 
H.M.  Involvement  of  Endothelial  CD44  during  in  Vivo  Angiogenesis.  Am.  J.  Path 
169:325-336,  2006. 

•  DeLisser,  H.M.:  Vascular  Cell-Cell  Adhesion.  Laurent  GJ  and  Shapiro  SD  (Eds.) 
Encyclopedia  of  Respiratory  Medicine,  Elsevier  Limited,  Oxford  UK,  pp  29-36,  2006. 

•  DeLisser,  H.M.:  The  Role  of  the  Extracellular  Matrix  in  Angiogenesis  in  Lazaar,  A. 
(Ed.)  Bronchial  Vascular  Remodeling  in  Asthma  and  COPD.  Marcel  Dekker,  New 
York,  pp  105-125,  2006. 

•  DeLisser,  H.M.  Targeting  PECAM-1  for  Anti-Cancer  Therapy.  Can.  Boil.  Ther.,  6:121- 
122, 2007. 

•  Cao,  G.,  Fehrenbach,  M.,  Williams,  J.,  Finklestein,  J.,  Zhu,  J-X  DeLisser,  H.M. 
Angiogenesis  in  PECAM-1-null  mice.  Am.  J.  Path,  175:903-915,  2009. 

•  Zhu,  J-X,  Cao,  G.,  Williams,  J.,  DeLisser,  H.ftjt  The  Involvement  of  SHP-2  in  PECAM- 
1 -Dependent  Cell  Motility.  Am  J  Physiol  Cell  Physiol.  299:C854-65,  2010. 

•  DeLisser  H,  Liu  Y,  Desprez  PY,  Thor  A,  Briasouli  P,  Handumrongkul  C,  Wilfong  J, 
Yount  G,  Nosrati  M,  Fong  S,  Shtivelman  E,  Fehrenbach  M,  Cao  G,  Moore  DH,  Nyack 
S,  Liggitt  D,  Kashani-Sabet  M,  Debs  R.  Vascular  endothelial  cell  adhesion  molecule  1 
(PECAM-1)  regulates  advanced  metastatic  progression.  Proc  Natl  Acad  Sci  USA. 
107:18616-21,  2010. 

•  DeLisser  HM.  Modulators  of  endothelial  cell  filopodia:  PECAM-1  joins  the  club.  Cell 
Adh  Migr.  2011  Jan  10;5(1). 

(2)  Licenses  applied  for  and/or  issued 

•  None 

(3)  Degrees  obtained  that  are  supported  by  this  award 

•  Jeffery  Finklestein-  Master’s  Degree  in  Cell  and  Molecular  Biology 

(4)  Development  of  cell  lines,  tissue  or  serum  repositories 

•  None 

(5)  Informatics  such  as  databases  and  animal  models,  etc 

•  None 
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(6)  Funding  applied  for  based  on  work  supported  by  this  award 
•  VA  Meritt  Award 

(7)  Employment  or  research  opportunities  applied  for  and/or  received  based  on 
experience/training  supported  by  this  award 

•  None 

CONCLUSIONS 

In  accomplishing  these  aims  we  have  (i)  further  established  a  role  for  PECAM-1  in 
endothelial  cell  motility;  (ii)  defined  a  role  for  PECAM-1  in  the  formation  of  endothelial 
filopodia;  (iii)  confirmed  the  involvement  of  SHP-2-PECAM-1  interactions  in  PECAM-1- 
dependent  cell  motility  and  filopodia  formation;  (iv)  provided  data  that  implicate  PECAM- 
1  in  pathological  angiogenesis,  as  well  as  in  post-natal  vascular  developmental 
processes,  such  as  those  occurring  in  the  eyes  and  lungs;  and  (v)  developed  data  that 
point  to  an  important  regulatory  role  for  PECAM-1  in  tumor  metastasis  in  the  lung  (and 
probably  other  organs  as  well)..  These  studies  are  indicative  of  the  progress  we  have 
made  and  may  provide  new  insights  into  the  treatment  of  pathological  processes  such 
as  tumor  growth  and  spread  as  well  as  impaired  wound  healing. 

REFERENCES 
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SUPPORTING  DATA 
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Zhu  J,  Cao  G,  Williams  JT,  DeLisser  HM.  SHP-2  phosphatase 
activity  is  required  for  PEC  AM- 1  -dependent  cell  motility.  Am  J 
Physiol  Cell  Physiol  299:  C854-C865,  2010.  First  published  July  14, 
2010;  doi:10.1152/ajpcell. 00436.2009. — Platelet  endothelial  cell  ad¬ 
hesion  molecule- 1  (PECAM-1)  has  been  implicated  in  endothelial  cell 
motility  during  angiogenesis.  Although  there  is  evidence  that  SHP-2 
plays  a  role  in  PECAM-1 -dependent  cell  motility,  the  molecular  basis 
of  the  activity  of  SHP-2  in  this  process  has  not  been  defined.  To 
investigate  the  requirement  of  SHP-2  in  PECAM-1 -dependent  cell 
motility,  studies  were  done  in  which  various  constructs  of  SHP-2  were 
expressed  in  cell  transfectants  expressing  PECAM-1.  We  observed 
that  the  levels  of  PECAM-1  tyrosine  phosphorylation  and  SHP-2 
association  with  PECAM-1  were  significantly  increased  in  cells  ex¬ 
pressing  a  phosphatase-inactive  SHP-2  mutant,  suggesting  that  the 
level  of  PECAM-1  tyrosine  phosphorylation,  and  thus  SHP-2  binding 
are  regulated  in  part  by  bound,  catalytically  active  SHP-2.  We  sub¬ 
sequently  found  that  expression  of  PECAM-1  stimulated  wound- 
induced  migration  and  the  formation  of  filopodia  (a  morphological 
feature  of  motile  cells).  These  activities  were  associated  with  in¬ 
creased  mitogen-activated  protein  kinase  (MAPK)  activation  and  the 
dephosphorylation  of  paxillin  (an  event  implicated  in  the  activation  of 
MAPK).  The  phosphatase-inactive  SHP-2  mutant,  however,  sup¬ 
pressed  these  PECAM- 1  -dependent  phenomena,  whereas  the  activity 
of  PECAM-1  expressing  cells  was  not  altered  by  expression  of 
wild-type  SHP-2  or  SHP-2  in  which  the  scaffold/adaptor  function  had 
been  disabled.  Pharmacological  inhibition  of  SHP-2  phosphatase 
activity  also  suppressed  PEC  AM- 1 -dependent  motility.  Furthermore, 
PECAM-1  expression  also  stimulates  tube  formation,  but  none  of  the 
SHP-2  constructs  affected  this  process.  These  findings  therefore 
suggest  a  model  for  the  involvement  of  SHP-2  in  PECAM-1 -depen¬ 
dent  motility  in  which  SHP-2,  recruited  by  its  interaction  with  PE¬ 
CAM- 1,  targets  paxillin  to  ultimately  activate  the  MAPK  pathway  and 
downstream  events  required  for  cell  motility. 

mitogen-activated  protein  kinase;  angiogenesis;  leukocyte  transendo- 
thelial  migration 


platelet  endothelial  cell  adhesion  molecule-1  (PECAM-1)  is 
a  transmembrane  glycoprotein  that  is  expressed  on  endothelial 
cells  where  it  concentrates  at  intercellular  junctions  (25,  34).  It 
is  also  expressed,  albeit  at  lower  levels,  on  platelets  and 
leukocytes.  In  terms  of  its  endothelial  functions,  PECAM-1 
regulates  leukocyte  transendothelial  migration  (50),  partici¬ 
pates  in  the  molecular  sensing  of  fluid  sheer  stress  (46),  and 
confers  resistance  to  apoptotic  or  endotoxic  stresses  (10,  31). 
PECAM-1  is  also  involved  in  angiogenesis  (8,  9,  15,  16,  41, 
52),  where  it  has  been  implicated  in  endothelial  cell  motility 
(8,  9,  20,  28,  35).  Although  initially  described  as  a  mediator 
of  cell-cell  adhesion,  subsequent  studies  established  that 
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PECAM-1  also  participates  in  intracellular  signaling  (18,  23, 
25).  This  signaling  activity  is  mediated  in  part  by  tyrosine 
residues  663  and  686  of  the  cytoplasmic  domain,  each  of  which 
falls  within  a  conserved  signaling  sequence  known  as  the 
immunoreceptor  tyrosine-based  inhibitory  motif  (ITIM)  (5,  36). 
As  with  other  ITIM-containing  receptors,  phosphorylation  of 
these  two  tyrosine  residues  by  protein-tyrosine  kinases  (e.g.,  Src, 
Csk,  and  Fps/Fes  family  kinases)  (7,  27,  30, 47)  generates  docking 
sites  for  the  binding  and  activation  of  several  cytosolic  signaling 
molecules  containing  Src  homology-2  (SH2)  domains,  including 
the  tyrosine  phosphatase  SHP-2  (7,  24,  30,  38). 

SHP-2  is  a  ubiquitously  expressed  68-kDa  nonreceptor  pro¬ 
tein  tyrosine  phosphatase  composed  of  two  amino-terminal 
SH2  domains,  a  catalytic  phosphatase  domain  and  COOH- 
terminal  tail  containing  two  tyrosines  Y542  and  Y580,  that 
form  docking  sites  for  SH-2  domain-bearing  proteins  (11,  14, 
45).  SHP-2  is  activated  by  the  binding  of  tyrosine-phosphory- 
lated  proteins  to  the  NH2-terminal  SH2  domain  causing  expo¬ 
sure  of  the  active  catalytic  phosphatase  site  (2).  It  has  been 
suggested  that  the  COOH-terminal  SH2  domain  functions  to 
stabilize  associations  made  by  the  NH2-terminal  SH2  domain 
(1).  In  addition,  a  number  of  SH2  domain-containing  adapter 
proteins  associate  with  SHP-2  after  receptor  activation,  includ¬ 
ing  Grb-2  (growth  factor  receptor-bound  protein  2),  SHIP-1 
[SH2  (Src  homology  2)-containing  inositol  phosphatase- 1], 
and  SIT  (SHP2-interacting  transmembrane  adaptor  protein) 
(11,  14),  which  link  surface  receptors  to  intracellular  signaling 
pathways.  A  large  amount  of  genetic  and  biochemical  data 
demonstrate  that  SHP-2  promotes  mitogen-activated  protein 
kinase  (MAPK)  activation  in  response  to  diverse  agonists.  As 
a  result  it  is  a  positive  component  of  many  growth  factors, 
cytokine  and  extracellular  matrix  signaling  pathways,  and  thus 
plays  a  role  in  diverse  cellular  processes,  including  prolifera¬ 
tion,  survival,  differentiation,  and  migration  (11,  14).  The 
importance  of  SHP-2  in  vivo  is  evident  by  the  fact  that  the  loss 
of  expression  of  functional  SHP-2  in  developing  mice  results  in 
death  between  days  8.5-10.5  of  gestation.  These  fetuses  dis¬ 
play  multiple  defects  in  mesodermal  patterning  as  well  as 
impaired  hematopoietic  development  in  embryonic  stem  cells 
(43,  44,  48).  In  addition,  genetic  mutations  in  PTPN11  that 
cause  hyperactivation  of  SHP-2  phosphatase  activity  have  been 
identified  in  the  Noonan  syndrome,  a  human  developmental 
disorder  (43,  48),  and  in  various  childhood  leukemias  (29,  44). 
Activating  mutations  in  SHP-2  have  also  been  detected  in 
sporadic  solid  tumors  (11). 

There  is  evidence  that  the  binding  of  SHP-2  to  PECAM-1 
following  PECAM-1  tyrosine  phosphorylation  is  involved  in 
the  enhancement  of  cell  motility  that  results  from  the  expres¬ 
sion  of  PECAM-1  (35).  The  molecular  basis  of  SHP-2’ s 
activity  in  this  phenomenon  is  unknown,  particularly,  whether 
the  enhanced  cell  migration  mediated  by  PECAM-1  is  due  to 
the  activity  of  SHP-2  as  a  phosphatase  and/or  an  adaptor/ 
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scaffolding  protein.  Using  cell  transfectants  expressing  hu¬ 
man  PECAM-1,  we  therefore  studied  the  effects  of  coex¬ 
pressing  various  constructs  of  SHP-2,  as  well  as  the  effects 
of  pharmacological  inhibition  of  SHP-2  phosphatase  activ¬ 
ity,  on  PECAM- 1 -dependent  cell  motility.  The  results  of  these 
studies  suggest  a  model  for  the  involvement  of  SHP-2  in 
PECAM- 1 -dependent  endothelial  cell  motility  in  which  SHP-2 
binds  to  phosphorylated  PECAM-1,  becomes  catalytically  ac¬ 
tive,  and  dephosphorylates  PECAM- 1 ,  leading  to  the  release  of 
SHP-2  from  PECAM-1.  The  liberated,  but  now  membrane 
localized,  SHP-2  subsequently  targets  paxillin  to  ultimately 
activate  the  ERK/MAPK  pathway  and  downstream  events 
required  for  cell  motility. 

MATERIALS  AND  METHODS 

Reagents  and  chemicals.  All  reagents  and  chemicals  were  obtained 
from  Sigma  (St.  Louis,  MO)  unless  otherwise  specified.  The  SHP-2 
inhibitor  NSC-87877  (13)  was  obtained  from  Calbiochem  (San  Diego, 


CA).  Pfu  Ultra  High-Fidelity  DNA  polymerase  with  reaction  buffer 
was  purchased  from  Stratagene  (La  Jolla,  CA).  Restriction  enzymes 
and  reaction  buffers  were  purchased  from  Promega  (Madison,  WI). 
Rapid  DNA  Ligation  Kit  was  purchased  from  Roche  Applied  Science 
(Indianapolis,  IN).  Kits  for  DNA  plasmid  purification  and  agarose  gel 
extraction  were  purchased  from  Qiagen  (Valencia,  CA).  Sequencing 
and  PCR  primers  were  synthesized  by  Integrated  DNA  Technologies 
(Coralville,  IA).  Competent  bacteria  and  dNTP  mix  were  obtained 
from  Invitrogen  (Carlsbad,  CA). 

Antibodies.  The  following  antibodies  targeting  human  proteins 
were  employed:  4G6,  a  mouse  anti-PEC  AM- 1  antibody  (a  generous 
gift  from  Dr.  Steven  Albelda,  University  of  Pennsylvania,  Philadel¬ 
phia,  PA);  1.3,  a  mouse  anti-PECAM-1  antibody  (a  generous  gift  from 
Dr.  Peter  Newman,  Blood  Center  of  Southeastern  Wisconsin,  Mil¬ 
waukee,  WI);  a  rabbit  anti-SHP-2  antibody  and  a  mouse  anti-phospho- 
ERK  antibody  from  Cell  Signaling  Technology  (Danvers,  MA);  a 
rabbit  anti-phosphotyrosine  antibody  and  a  mouse  anti-paxillin  anti¬ 
body  from  BD  Biosciences,  Transduction  Laboratories  (Lexington, 
KY);  a  rabbit  anti-ERK  antibody  from  Promega;  a  rabbit  anti-phos- 
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Fig.  1 .  Expression  of  Src  homology- 1  phosphatase  (SHP-2)  constructs  in  REN  cells  and  REN  cells  expressing  human  platelet  endothelial  cell  adhesion  molecule- 1 
(PECAM-1)  (REN-HP).  A:  three  constructs  that  were  expressed  in  REN  and  REN-HP  cells:  wild-type  SHP-2  (WT),  phosphatase-inactive  SHP-2  (CS),  and  SHP-2 
with  tyrosines  542  and  580  mutated  to  phenylalanines  (2YF).  B\  cell  lysates  from  REN  and  REN-HP  cells  expressing  the  various  SHP-2  constructs,  demonstrating 
both  the  presence  of  the  endogenous  SHP-2  (lower  molecular  weight  band)  and  the  transduced  SHP-2  in  the  transfectants  expressing  a  SHP-2  construct.  (The 
data  are  from  the  same  experiment  and  the  same  gel  for  each  antibody  and  are  representative  of  3  experiments).  C:  intracellular  SHP-2  phosphatase  activities 
of  each  cell  line  as  determined  by  the  amount  of  phosphate  released  by  5  |xg  of  cell  lysate  (see  materials  and  methods)  ( n  =  2).  (The  phosphatase  data  are 
representative  of  2  experiments). 
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pho-(Tyr-31)-paxillin  antibody  from  Santa  Cruz  Biotechnology 
(Santa  Cruz,  CA);  a  mouse  anti-GAPDH  antibody  from  Chemicon- 
Millipore  (Temecula,  CA);  and  a  mouse  anti-FLAG  antibody  from 
Sigma. 

Generation  of  SHP-2  constructs.  The  following  constructs  of 
SHP-2  with  a  FLAG-tag  were  generated:  wild-type  SHP-2  (WT-SHP- 
2);  phosphatase  inactive  SHP-2  (cysteine  459  mutated  to  serine; 
CS-SHP-2),  and  SHP-2  in  which  the  scaffold/adaptor  function  has 
been  disabled  (tyrosines  542  and  580  mutated  to  phenylalanines; 
2YF-SHP-2).  Briefly,  a  wild-type  SHP-2  construct  (Addgene  plasmid 
8381:  pCMV-WT-SHP-2,  MA)  was  subcloned  into  pcDNA3.1(+)  vec¬ 
tor  with  HincCOl  and  EcoRW  to  obtain  pcDNA-WT-SHP-2  without  an 
hemogglutin  antibody  (HA)  tag.  A  PCR  product  of  3xFLAG  fragment 
with  restriction  digestion  sites  of  Nhe I  and  Kpnl  was  generated  from 
pBICEP-CMV-2  (Sigma).  3xFLAG  was  subcloned  into  pcDNA-WT- 
SHP-2  to  generate  pcDNA-3xFLAG- WT-SHP-2  (WT-SHP-2).  The  re¬ 


sulting  construct  was  then  subjected  to  site-directed  mutagenesis  using 
the  GeneTailor  Site-Directed  Mutagenesis  System  (Invitrogen)  according 
to  the  manufacturer’s  instructions.  Cys459  of  SHP-2  was  mutated  to 
Ser459  by  PCR  using  the  forward  primer  5' -CAGGGCCGGTCGTGGT- 
GCAC AGC AGTGCTGGAATTGGC-3 '  with  the  reverse  primer  5'- 
GTGCACCACGACCGGCCCTGCATCCATGATGC-3'  to  generate 
pcDNA-3xFLAG-CS-SHP-2  (CS-SHP-2).  Point  mutations  converting 
Tyr542  and  Tyr580  to  Phe542  and  Phe580  were  generated  by  PCR  using 
the  following  primer  sets:  for  Y542  to  F542,  the  forward  primer  5'- 
GCAAGAGGAAAGGGCACGAATTTACAAATATTAAGTAT-3' 
with  the  reverse  primer  5  'TTCGTGCCCTTTCCTCTTGCTTTTCT- 
GCTCTT-3';  for  Y580  to  F580,  the  forward  primer  5'-GAGAAGA- 
C AGTGCTAGAGTCTTTGAAAACGTGGGCCTG-3 '  with  the  reverse 
primer  5'-GACTCTAGCACTGTCTTCTCTCATTTCTGCAC-3'  to 
generate  pcDNA-3xFLAG-2YF-SHP-2  (2YF-SHP-2).  These  recombi¬ 
nant  wild-type  and  mutant  SHP-2  constructs  were  then  subcloned  into 
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Fig.  2.  PECAM-1 -SHP-2  association  in  REN-HP  transfectants.  Cell  lysates  from  nonwounded  or  wounded  monolayers  of  REN  cells,  REN-HP  cells,  or  REN-HP 
cells  expressing  WT-SHP-2  (WT),  CS-SHP-2  (CS),  or  2YF-SHP-2  (2YF)  were  immunoprecipitated  with  anti-PECAM-1  and  then  blotted  with  anti-PECAM-1, 
anti-phospho-tyrosine  (anti-p-Tyr),  anti-SHP-2,  or  anti-FLAG  (to  detect  SHP-2  constructs).  In  the  REN-HP  cells  wounding  induced  PECAM-1  tyrosine 
phosphorylation  that  was  associated  with  increased  SHP-2/PECAM- 1  association  (A).  The  same  phenomenon  was  observed  for  REN-HP  cells  expressing  the 
various  SHP-2  mutants  (. B ,  lanes  6,  8,  10).  However,  the  amounts  of  SHP-2  associated  with  PECAM-1,  both  at  rest  and  after  wounding,  were  higher  in  the  cells 
expressing  the  CS-SHP-2  construct  ( lanes  7  and  8)  compared  with  the  other  cell  lines.  (The  data  are  from  the  same  experiment  and  the  same  gel  for  each  antibody. 
They  are  representative  of  5-6  experiments).  Densitometry  confirmed  that  PECAM-1  tyrosine  phosphorylation  (C)  (expressed  as  fold  increase  compared  with 
nonwounded  REN-HP  cells)  and  PECAM-l-SHP-2  association  ( D )  (expressed  as  fold  increase  compared  with  nonwounded  REN-HP/WT-SHP2  cells)  were 
increased  by  coexpression  of  CS-SHP-2.  Data  were  initially  normalized  to  total  PECAM-1  and  are  presented  as  means  ±  SE  ( n  =  5-6;  *P  <  0.05,  compared 
with  nonwounded  REN-HP  expressing  WT-SHP-2  cells;  **P  <  0.05  compared  with  wounded  REN-HP  expressing  WT-SHP-2  cells). 
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pIRESpuro3  expression  vector  (Clontech  Laboratories.  Mountain  View, 
CA).  The  sequences  of  all  constructs  were  verified  by  automated  DNA 
sequencing. 

Cell  culture  and  transfection.  The  human  mesothelioma  cell  line 
REN  (40)  was  cultured  in  RPMI  media  supplemented  with  10%  FBS, 
penicillin-streptomycin,  and  2  mM  L-glutamine.  REN  cell  transfec- 
tants  stably  expressing  human  PECAM-1  (REN-HP)  were  cultured  in 
the  same  media  with  G418  (0.5  mg/ml;  GIBCO-BRL,  Grand  Island, 
NY)  (8,  35).  REN  or  REN-HP  cells  were  transfected  with  SHP-2 
constructs  described  above  using  Lipofectamine  2000  (Invitrogen). 
Stable  transfectants  were  obtained  by  selection  with  Puromycin  (1 
mg/ml)  for  REN  cells  and  with  Puromycin  (1  mg/ml)  plus  G418 
(0.5  mg/ml)  for  REN-HP  cells,  respectively.  Positive  clones  ex¬ 
pressing  transfected  SHP-2  constructs  were  confirmed  by  Western 
blot  analysis. 

Intracellular  SHP-2  phosphatase  activity.  The  intracellular  SHP-2 
phosphatase  activity  of  lysates  from  stably  transfected  cell  lines  was 
determined  using  DuoSet  IC  (IntraCellular)  Assay  Development  Sys¬ 
tems  (R&D  Systems,  Minneapolis,  MN),  according  to  the  manufac¬ 
turer’s  instructions.  Briefly,  cell  lysates  were  aliquoted,  frozen  in 
liquid  nitrogen,  and  stored  at  —  80°C.  Protein  concentration  was 
determined  using  the  BCA  Protein  Assay  kit  (Thermo  Fisher  Scien¬ 
tific,  Rockford,  IL).  Fifty  microliters  of  each  standard  in  triplicate 
were  used  to  construct  a  standard  curve,  and  the  phosphate  released 
over  30  min  by  5  |xg  total  protein  for  each  sample  was  assayed  by  the 
manufacturer’s  protocol.  Absorbances  were  measured  on  620  nm  with 
the  Beckman  Coulter  DTX880  Multimode  Detector  (Beckman 
Coulter,  Fullerton,  CA),  and  the  phosphatase  activity  was  calculated 
with  the  accompanying  software. 

In  vitro  cell  proliferation.  REN  cells  and  REN  cell  transfectants 
were  cultured  for  24-48  h  in  96-well  plates  (4,000  cells/well),  and  the 
number  of  viable  cells  were  determined  using  the  Promega  Cell 
Titer96  Aqueous  Non-Radioactive  Cell  Proliferation  Assay  (Madison 
WI).  This  is  a  colorimetric  assay  with  the  absorbances  measured  at 
490  nm. 

In  vitro  wound-induced  migration  assay.  The  wounding  of  conflu¬ 
ent  cell  monolayers  was  modified  from  previously  published  proce¬ 
dures  (8,  35).  Twenty  thousand  REN  cells  and  REN  cell  transfectants 
were  added  to  24-well  tissue  culture  plates  and  allowed  to  grow  to 
confluence.  Linear  defects  were  then  made  in  the  monolayer.  The 
wounded  culture  was  washed  with  PBS  and  then  incubated  for  24  h  in 
complete  media.  With  the  use  of  computer-assisted  image  analysis 
and  the  MetaMorph  software  (Molecular  Devices,  Sunnyvale,  CA), 
images  were  obtained  immediately  after  wounding  and  then  24  h  later, 
and  the  distance  migrated  by  cells  at  the  wound  edge  was  determined. 
For  each  cell  type  three  to  five  wounds  were  analyzed. 

In  vitro  tube  formation  assay.  In  vitro  tube  formation  was  studied 
using  previously  described  procedures  (35).  REN  cells  and  REN  cell 
transfectants  were  plated  on  ECMatrix  gel  (a  Matrigel  equivalent) 
obtained  from  Chemicon.  Fifty  microliters  of  the  solution  were  added 
to  each  well  of  a  96-well  plate  and  allowed  to  form  a  gel  at  37°C  for 
1  h.  Twenty  thousand  cells  in  200  pi  of  complete  media  were 
subsequently  added  to  each  well  and  incubated  for  8  h  at  37°C  in  5% 
CO2.  The  wells  were  washed  and  the  gel  and  its  cells  fixed  with  3% 
paraformaldehyde.  Total  tube  length  per  well  was  determined  by 
computer-assisted  image  analysis  using  the  MetaMorph  software 
package. 

Immunoprecipitation  and  immunoblotting.  Cultures  of  confluent 
cells  were  serum  starved  overnight  and  then  incubated  for  2  h  in 
medium  with  or  without  0.5  mM  sodium  orthovanadate  at  37°C 
before  scratch  wounds  were  made  in  the  monolayer.  For  our  biochem¬ 
ical  analyses,  multiple  parallel  wounds,  1  mm  in  width  were  made  in 
the  confluent  monolayer  of  cells  by  drawing  a  specially  fabricated 
squeegee,  with  comb-like  teeth,  across  the  culture  surface  of  a  T-25 
flask.  We  have  visually  confirmed  that  with  this  procedure  all  of  the 
remaining,  attached  cells  are  adjacent  to  a  cell-free  zone  into  which 


they  able  are  to  migrate.  One  hour  after  wounding,  the  cells  were 
washed  with  ice-cold  PBS  containing  0.5  mM  sodium  orthovanadate 
and  and  then  lysed  in  TNC  (0.01  M  Tris-acetate,  pH  8.0,  0.5% 
Nonidet-40,  0.5  mM  Ca2+)  with  1  mM  sodium  orthovanadate,  2  mM 
PMSF,  and  protease  inhibitor  cocktail  (Sigma)  for  20  min  on  ice. 
Extracts  were  clarified  for  10  min  at  4°C,  and  the  supernatant  protein 
concentrations  were  determined  by  the  BCA  assay  kit  (Pierce).  Equal 
amounts  (100  pg)  of  protein  were  incubated  with  2  mg  of  4G6 
anti-PEC  AM- 1  or  anti-paxillin  antibody  with  rocking  movement 
overnight  at  4°C.  Protein  A  Sepharose  beads  (GE  Healthcore  Bio- 
Sciences,  Piscataway,  NJ)  were  added  and  incubated  for  an  additional 
2  h.  After  binding  and  collection  were  completed,  the  beads  were 
washed  three  times  with  DOC  wash  (50  mM  Tris  HCl,  pH  7.5,  150 
mM  NaCl,  1%  Triton  X-100,  5%  deoxycholate,  and  0.1%  SDS), 
dissolved  in  reducing  loading  buffer  to  release  the  immunoprecipitant. 
Proteins  from  immunoprecipitation  or  total  cell  lysates  were  resolved 
by  SDS-PAGE  (Novex;  Invitrogen),  followed  by  transfer  onto  nitro¬ 
cellulose  membranes  using  the  iBlot  Dry  Blotting  System  (Invitro¬ 
gen),  which  employs  semidry  electrotransfer.  Membranes  were 
washed  in  IX  TTBS  for  2-3  min,  blocked  with  2%  BSA,  and 
incubated  with  the  primary  antibody  in  2%  BSA  for  1  h  at  room 
temperature  or  overnight  at  4°C.  Unbound  antibodies  were  washed  off 
with  TTBS  before  membranes  were  incubated  with  horseradish  per- 
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Fig.  3.  Effects  of  the  expression  of  SHP-2  constructs  on  the  migration  and 
proliferation  of  REN  and  REN-HP  cells.  Wound-induced  migration  (A)  and 
cell  proliferation  ( B )  were  studied  in  REN  and  REN-HP  cells  expressing  WT, 
CS,  or  2YF  constructs.  The  expression  of  CS-SHP-2  abrogated  the  stimulation 
of  cell  motility  mediated  by  the  expression  of  PECAM-1,  whereas  cell 
proliferation  was  not  affected  by  the  presence  of  any  of  the  constructs.  Data  are 
presented  as  means  ±  SE  (n  =  3-4,  for  the  proliferation  studies;  n  =  6  for  the 
migration  studies;  *P  <  0.0001).  The  data  presented  are  representative  of  least 
3  experiments. 
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oxidase-labeled  species-specific  secondary  antibodies  for  1  h  at  room 
temperature.  After  the  membranes  were  again  washed  with  PBS, 
bound  antibody  signals  were  detected  by  ECL  substrate  and  docu¬ 
mented  on  X-ray  film.  The  chemiluminescent  signals  were  quantified 
by  densitometry  (ImageQuant;  Amersham,  Piscataway,  NJ). 

Assessing  the  morphology  of  plated  cells.  REN  cells  or  REN  cell 
transfectants,  resuspended  in  complete  Ml 99  medium,  were  lightly 
seeded  into  uncoated  two-well  Lab-Tek  Chamber  slides  (Nunc, 
Thermo  Fischer  Scientific,  Rochester,  NY)  followed  by  culturing  for 
2-3  days.  Digital  images  were  then  captured.  With  the  use  of  com¬ 


puter-assisted  image  analysis,  the  points  on  either  side  of  the  base  of 
a  filopodium,  at  which  the  stalk  of  the  filopodium  angles  with  the  cell 
surface,  were  located  and  a  line  was  drawn  between  these  two  points. 
A  second  line  was  then  drawn  from  the  center  of  the  first  line  through 
the  center  of  filopodium  to  its  tip,  the  length  of  which  was  taken  as  the 
length  of  the  filopodium. 

Statistical  analyses.  Differences  among  groups  were  analyzed  us¬ 
ing  one-way  ANOVA.  Results  are  presented  as  means  ±  SE.  When 
statistically  significant  differences  were  found  (P  <  0.05),  individual 
comparisons  were  made  using  the  Bonferroni-Dunn  test. 
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Fig.  4.  Effects  of  the  expression  of  SHP-2  constructs  on  the  formation  of  filopodia  in  REN  and  REN-HP  cells.  Shown  are  REN  cells  (A),  REN-HP  cells  expressing 
no  SHP-2  constructs  ( B ),  and  REN-HP  cells  expressing  WT-SHP-2  (C),  CS-SHP-2  ( D ),  or  2YF-SHP-2  (E)  constructs.  Filopodia  were  longer  in  the  REN-HP 
cells  (B,  white  arrows)  compared  with  those  of  the  REN  cells  (A,  black  arrows).  The  morphology  of  the  filopodia  on  the  REN-HP  cells  expressing  WT-SHP-2 
(C)  and  2YF-SHP-2  ( E)  were  similar  to  the  REN-HP  cells  ( B ),  whereas  the  REN-HP/CS-SHP-2  cells  (Z),  black  arrows)  had  a  morphology  that  was  reminiscent 
of  the  nontransfected  REN  cells  (A).  The  mean  filopodia  length  was  determined  for  each  cell  line  ( F ).  For  the  REN-HP/CS-SHP-2  cells,  the  mean  filopodia  length 
was  significantly  less  than  that  of  the  REN-HP,  REN-HP/WT-SHP-2,  and  REN-HP/2YF-SHP-2  cells  and  not  significantly  different  from  the  nontransfected  REN 
cells.  Data  are  presented  as  means  ±  SE  (n  =  100;  <  0.0001,  compared  with  REN-HP  cells;  #P  >  0.05,  compared  with  REN  cells).  The  data  presented  are 

representative  of  3  experiments. 
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RESULTS 

Expression  of  SHP-2  constructs  in  REN  cell  transfectants. 
The  expression  of  PECAM-1  in  the  REN  cell  mesothelioma 
line  (40)  has  provided  a  useful  system  for  modeling  the 
function  of  endothelial  PECAM-1  (8,  19,  26,  33,  35,  42,  49). 
Admittedly,  there  are  potential  limitations  to  use  of  REN  cells 
as  a  model  for  endothelial  cells,  given  the  tumor  cell  origin  of 
these  cells.  REN  cells,  however,  do  have  a  number  of  features 
that  make  them  an  attractive  system  for  modeling  the 
endothelium.  First,  they  form  cobblestone  cell  monolayers 
reminiscent  of  endothelial  cells.  Second,  REN  cells  do  not 
express  PECAM-1  yet  have  several  relevant  endothelial  sur¬ 
face  molecules  (e.g.,  otv(33,  ICAM-1,  VCAM-1,  and  VEGFR- 
1).  Third,  in  both  endothelial  cells  and  REN  cell  transfectants 
expressing  human  PECAM-1  (REN-HP):  7)  PECAM-1  con¬ 
centrates  at  cell-cell  junctions  (35);  2)  tube-like  structures  form 
on  Matrigel  (8,  35);  3)  H2O2  activates  a  calcium-permeant, 
nonselective  cation  current  (26);  and  4)  wound-induced  cell 
migration  is  associated  with  PECAM-1  tyrosine  phosphoryla¬ 
tion  and  SHP-2  association  (35).  Finally,  REN-HP  cells  and 
human  endothelial  cells  behave  similarly  with  respect  to  the 
internalization  and  intracellular  trafficking  of  surface-bound 
anti-PECAM-1  antibodies  (19,  33,  49). 

To  define  the  requirements  of  SHP-2  in  PEC  AM- 1 -depen¬ 
dent  cell  motility,  the  following  constructs  of  SHP-2  with  a 
FLAG-tag  were  expressed  in  REN  or  REN-HP  cells:  wild-type 
SHP-2  (WT-SHP-2);  phosphatase  inactive  SHP-2  (cysteine 
459  mutated  to  serine;  CS-SHP-2);  and  SHP-2  in  which  the 
scaffold/adaptor  function  has  been  disabled  (tyrosines  542  and 
580  mutated  to  phenylalanines;  2YF-SHP-2)  (Fig.  1A).  These 
constructs  were  successfully  expressed  at  comparable  levels  in 
REN  and  REN-HP  cells  (Fig.  17?).  As  expected,  the  SHP-2 
phosphatase  activity  was  increased  in  the  cells  expressing 
WT-SHP-2  or  2YF-SHP-2  but  not  CS-SHP-2  (Fig.  1C).  Fur¬ 
thermore,  the  expression  levels  of  these  constructs  were  such 
that  they  would  exceed  and  displace  the  endogenous  SHP-2. 
In  the  cells  transfected  with  the  SHP-2  constructs,  we  observed 
that  the  amount  of  endogenous  SHP-2  was  somewhat  increased 


over  that  found  in  cells  without  these  constructs.  This  suggests 
that  the  processes  that  degrade  or  turnover  SHP-2  in  the  cell 
have  a  defined  capacity  and  that  the  SHP-2  mutants,  because  of 
their  abundance,  out  compete  the  endogenous  SHP-2  for  these 
processes. 

Increased  PECAM-1  tyrosine  phosphorylation  and  SHP-2 
association  in  PECAM-1  transfectants  expressing  phospha¬ 
tase-inactive  SHP-2.  The  wounding  of  confluent  monolayers  of 
PECAM-1 -expressing  cells  such  as  HUVEC  or  REN-HP  cells 
induces  the  tyrosine  phosphorylation  of  PECAM-1  (on  Y663 
and  Y686)  and  the  subsequent  binding  of  SHP-2  to  PECAM-1 
(35).  PECAM-1  tyrosine  phosphorylation  was  therefore  inves¬ 
tigated  in  REN-HP  transfectants  expressing  the  SHP-2  con¬ 
structs  (Fig.  2).  As  noted  previously  (35),  the  wounding  of 
REN-HP  cells  induced  PECAM-1  tyrosine  phosphorylation 
and  recruitment  of  the  endogenous  SHP-2  (Fig.  2A).  The 
wounding  of  REN-HP  cells  expressing  WT-SHP-2  (Fig.  27?, 
lanes  5  and  6)  or  2YF-SHP-2  (Fig.  27?,  lanes  9  and  10)  induced 
PECAM-1  tyrosine  phosphorylation  that  was  comparable  to 
control  REN-HP  transfectants  (Fig.  27?,  lanes  3  and  4)  and 
accompanied  by  increased  SHP-2  binding  to  PECAM-1.  The 
behavior  of  the  REN-HP  cells  expressing  CS-SHP-2  (Fig. 
2A,  lanes  7  and  8),  however,  differed  significantly  from  the 
other  SHP-2  transfectants  in  two  important  respects.  First, 
quiescent  (unwounded)  REN-HP/CS-SHP-2  cells  demon¬ 
strated  PECAM-1  tyrosine  phosphorylation  and  SHP-2  asso¬ 
ciation  that  exceeded  the  levels  of  resting  WT-SHP-2  and 
2YF-SHP-2  transfectants  (Fig.  27?,  lanes  7  compared  with 
lanes  5  and  9;  and  Fig.  2,  C  and  D).  Second,  while  wounding 
did  in  fact  stimulate  PECAM-1  tyrosine  phosphorylation  and 
SHP-2  binding  (Fig.  27?,  lanes  7  and  8),  the  levels  of  tyrosine 
phosphorylation  and  SHP-2  binding  associated  with  wounded 
REN-HP/CS-SHP-2  cells  were  two  to  three  times  that  of  the 
other  REN-HP  transfectants  (Fig.  2A,  lane  8  compared  with 
lanes  6,  and  70;  and  Fig.  2,  C  and  D).  These  data  suggest  that 
the  level  of  PECAM-1  tyrosine  phosphorylation,  and  thus 
SHP-2  binding,  are  regulated  in  part  by  bound,  phosphatase- 
active  SHP-2.  This  is  consistent  with  a  model  in  which  SHP-2 
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Fig.  5.  Effects  of  NCS-87877  on  the  proliferation,  cell  migration,  and  filopodia  formation  of  REN  and  REN-HP  cells.  Proliferation  (A)  ( n  =  4),  wound-induced 
migration  ( B )  {n  =  3),  and  filopodia  formation  (C)  {n  =  100)  were  assessed  in  REN  and  REN-HP  cells  cultured  in  media  without  or  with  NSC-87877  (20  |xM). 
Although  the  inhibitor  induced  a  very  modest  decrease  in  proliferation  for  both  cell  types  (A),  it  specifically  suppressed  the  enhancements  in  wound  migration 
and  filopodia  length  that  were  stimulated  by  the  expression  of  PECAM-1  in  REN-HP  cells.  Data  are  presented  as  means  ±  SE.  When  compared  with  control 
REN  cells,  *P  <  0.01,  for  the  proliferation  and  migration  studies  and  <0.0001  for  the  filopodia  experiments;  #P  >  0.05,  compared  with  inhibitor-treated  REN 
cells. 
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binds  phosphorylated  PECAM-1,  becomes  catalytically  active, 
and  dephosphorylates  PECAM-1  leading  to  the  release  of 
SHP-2. 

Decreased  cell  migration,  but  preserved  proliferation,  in 
PECAM-1  transfectants  expressing  phosphatase-inactive 
SHP-2.  The  expression  of  PECAM- 1  in  REN  cells  stimulates 
an  increase  in  wound-induced  cell  migration,  and  SHP-2  has 
been  implicated  in  this  process  (35).  Wound-induced  migration 
was  therefore  studied  in  REN  and  REN-HP  cells  expressing  the 
SHP-2  constructs  (Fig.  3A).  The  expression  of  PECAM-1  in 
REN  cells  induced  a  50%  increase  in  cell  motility,  which  was 
not  augmented  further  by  the  presence  of  WT-SHP-2.  This 
suggests  that  the  endogenous  levels  of  SHP-2  are  fully  suffi¬ 
cient  to  mediate  this  phenomenon.  Significantly,  the  enhanced 
motility  observed  in  REN-HP  cells  was  completely  lost  if 
CS-SHP-2  was  simultaneously  expressed,  whereas  the  aug¬ 
mented  migration  was  preserved  in  the  2YF-SHP-2  transfec¬ 
tants.  The  expression  of  WT-SHP-2,  CS-SHP-2,  or  2YF- 
SHP-2  did  not  significantly  alter  the  motility  of  REN  cells 
lacking  PECAM-1  (Fig.  3A).  These  motility  data  are  not 
related  to  changes  in  cell  proliferation  as  the  expression  of 


PECAM-1  in  REN  cells  does  not  significantly  alter  cell  pro¬ 
liferation.  Furthermore,  the  presence  of  WT-SHP-2,  CS-SHP-2 
or  2YF-SHP-2  did  not  inhibit  the  proliferation  of  REN  or 
REN-HP  cells  (Fig.  3 B).  Together,  these  data  suggest  that 
PECAM- 1 -dependent  cell  migration  is  mediated  by  catalyti¬ 
cally  active  SHP-2. 

Decreased  filopodia  formation  in  PECAM-1  transfectants 
expressing  phosphatase-inactive  SHP-2.  Filopodia  are  a  fea¬ 
ture  of  actively  motile  cells,  mediating  several  functions  re¬ 
quired  for  cell  migration  (21,  32).  We  have  previously  dem¬ 
onstrated  that  PECAM-1  increases  the  rate  and/or  efficiency  of 
filopodia  formation  (9).  Therefore,  this  activity  may  be  one  of 
the  mechanisms  by  which  PECAM-1  promotes  cell  motility. 
Our  finding  that  the  expression  of  CS-SHP-2  abrogated  the 
enhanced  motility  observed  after  transfection  with  PECAM-1 
led  us  to  also  explore  the  effects  of  our  SHP-2  constructs  upon 
filopodia  formation  by  REN-HP  cells  (Fig.  4).  REN  cell  trans¬ 
fectants  expressing  PECAM-1  are  characterized  by  numerous, 
long  filopodia  (Fig.  4 B).  Although  REN-HP  transfectants  ex¬ 
pressing  WT-SHP-2  or  2YF-SHP-2  were  morphologically  sim¬ 
ilar  to  control  REN-HP  cells  (Fig.  4,  C  and  E),  transfectants 
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Fig.  6.  Effects  of  the  expression  of  SHP-2  constructs  on  wound-induced  ERK  activation  in  REN  and  REN-HP  cells.  Cell  lysates  from  nonwounded  or  wounded 
monolayers  of  REN  or  REN-HP  cells  were  immunoblotted  with  anti-phopho-ERK  and  anti-ERK  antibodies.  A:  expression  of  PECAM-1  in  REN  cells  resulted 
in  increased  phospho-ERK  levels  after  wounding  compared  with  nontransfected  REN  cells.  B :  densitometry  confirmed  that  ERK  activation  following  wounding 
of  REN  cells  (expressed  as  the  ratio  of  wounding/control)  was  increased  by  the  expression  of  PECAM-1.  Data  are  presented  as  means  ±  SE  (n  =  4;  *P  <  0.05, 
compared  with  REN  cells).  C:  expression  of  the  CS-SHP-2  (CS)  construct  in  REN-HP  cells  inhibited  ERK  activation  ( lanes  5  and  6  compared  with  lanes  1  and 
2)  following  wounding,  while  the  presence  of  WT-SHP-2  (WT)  or  2  YF-SHP-2  (2YF)  did  not  suppress  PECAM-1 -dependent,  wound-induced,  ERK  activation 
(lanes  3  and  4,  and  lanes  7  and  8,  compared  with  lanes  1  and  2).  D:  densitometry  confirmed  that  the  ERK  activation  mediated  by  PECAM-1  (expressed  as  the 
ratio  of  wounding/control)  was  suppressed  by  coexpression  of  CS-SHP-2.  Data  are  presented  as  means  ±  SE  (n  =  3;  *P  <  0.05,  compared  with  REN-HP/WT 
cells).  The  densitometry  were  all  initially  normalized  to  total  ERK  expression.  (The  data  presented  in  A  and  C  are  from  the  same  experiment  and  the  same  gel 
for  each  antibody.  They  are  representative  of  3-4  experiments). 
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expressing  CS-SHP-2  had  filopodia  morphology  that  was  rem¬ 
iniscent  of  the  nontransfected  REN  cells  (Fig.  4,  A  and  D ).  The 
mean  filopodia  length  was  determined  for  the  various  cell  lines 
and  was  found  for  the  REN-HP  cells  to  be  twice  that  of  the 
nontransfected  REN  cells  (Fig.  4 F).  Although  the  mean  filop¬ 
odia  lengths  for  the  REN-HP/WT-SHP-2  and  REN-HP/2YF- 
SHP-2  cells  were  comparable  to  the  REN-HP  cells,  the  mean 
filopodia  length  for  the  REN-HP/CS-SHP-2  transfectants  was 
not  significantly  different  from  that  of  the  nontransfected  REN 
cells.  Filopodia  formation  in  REN  cells  was  not  affected  by  the 
expression  of  the  SHP-2  constructs  (data  not  shown).  These 
findings  parallel  what  we  observed  for  cell  migration  (Fig.  3) 
and  implicate  PECAM-l/SHP-2  interactions  in  the  formation 
of  filopodia  during  PECAM-1 -dependent  cell  motility. 

Pharmacological  inhibition  of  SHP-2  phosphatase  activity 
inhibits  PECAM-1 -dependent  motility  and  filopodia  formation. 
The  data  presented  above,  based  on  a  molecular  approach, 
provided  evidence  that  PECAM-1 -dependent  cell  motility  and 
filopodia  formation  are  mediated  through  the  phosphatase 
activity  of  SHP-2.  To  confirm  these  findings  with  an  alternative 
strategy,  we  also  studied  the  effects  of  NSC-87877,  a  potent 
and  specific  inhibitor  SHP-2  phosphatase  activity,  on  the  be¬ 
havior  of  REN  and  REN-HP  cells  (13).  NSC-87877  (20  pM) 
induced  a  very  modest  and  comparable  (~10%)  inhibition  of 
proliferation  in  both  cell  lines  (Fig.  5A).  In  contrast,  the 
enhanced  cell  migration  and  filopodia  formation  induced  by  the 
presence  of  PECAM-1  in  REN-HP  cells  were  completely 
abrogated  by  NSC-87877,  without  any  effects  on  the  motility 
and  filopodia  of  the  control  REN  cells  (Fig.  5,  B  and  C).  A 
similar  pattern  of  effects  was  seen  with  HUVEC  treated  with 
this  inhibitor  (data  not  shown).  These  data  thus  provide  phar¬ 
macological  confirmation  of  the  importance  of  the  SHP-2 
phosphatase  activity  in  PEC  AM- 1 -dependent  cell  motility. 


Expression  of  PECAM-1  increases  ERK  activation,  an  effect 
inhibited  by  expression  of  phosphatase-inactive  SHP-2.  MAPK 
has  been  shown  to  play  a  role  in  cell  motility  and  in  the 
formation  of  filopodia  (6,  14,  22,  37,  51).  The  activation  of 
extracellular  signal-regulated  kinase  (ERK)  was  therefore  de¬ 
termined  in  REN  and  REN-HP  cells  (Fig.  6).  We  found  that 
ERK  activation  following  wounding  of  confluent  cell  mono- 
layers  was  increased  in  the  REN-HP  cells  compared  with  the 
control  REN  cells  (Fig.  6,  A  and  B ).  The  increase  in  ERK 
activation  resulting  from  the  presence  of  PECAM-1  in 
REN-HP  cells  was  not  enhanced  further  by  the  expression  of 
WT-SHP-2  but  was  abrogated  by  the  expression  of  CS-SHP-2 
(Fig.  6,  B  and  Q.  PECAM-1 -dependent  ERK  activation  was 
not  altered  by  the  presence  of  2YF-SHP-2.  ERK  phosphoryla¬ 
tion  in  REN  cells  during  wound-induced  migration  was  not 
significantly  altered  by  the  expression  of  these  SHP-2  con¬ 
structs  (data  not  shown).  This  suggests  that  catalytically  active 
SHP-2  in  the  context  of  PEC  AM- 1 -dependent  cell  motility 
mediates  an  activation  of  the  ERK/MAPK  pathway. 

Expression  of  PECAM-1  suppresses  paxillin  tyrosine  phos¬ 
phorylation,  an  effect  reversed  by  expression  of  phosphatase- 
inactive  SHP-2.  One  model  for  the  activation  of  ERK  in¬ 
volves  the  tyrosine  dephosphorylation  of  paxillin  and  the 
subsequent  release  of  Src  kinase  from  paxillin-dependent 
inhibition  (14,  37).  We  therefore  assessed  the  effects  on 
paxillin  tyrosine  phosphorylation  of  expressing  the  SHP-2 
constructs  in  REN-HP  cells  (Fig.  7).  As  has  been  previously 
reported  (35),  we  found  that  the  overall  level  of  paxillin 
tyrosine  phosphorylation  following  wounding  was  signifi¬ 
cantly  reduced  in  REN-HP  cells  compared  with  control  REN 
cells  (Fig.  7A,  lane  2  compared  with  lane  1).  In  REN-HP  cells 
that  expressed  WT-SHP-2  or  2YF-SHP-2,  the  levels  of  paxillin 
tyrosine  phosphorylation  were  similarly  reduced  (Fig.  7A, 


Fig.  7.  Effects  of  the  expression  of  SHP-2  constructs  on  wound-induced  paxillin  phosphorylation  in  REN  and  REN-HP  cells.  A:  cell  lysates  from  wounded 
monolayers  of  REN  cells,  REN-HP  cells,  and  REN-HP  cells  expressing  WT,  CS,  or  2YF  constructs  were  immunoprecipitated  with  anti-paxillin  antibody  and 
then  immunoblotted  with  anti-phospho-paxillin  and  anti-paxillin  antibodies.  In  the  REN-HP  cells,  wounding  induced  paxillin  dephosphorylation  ( lane  2 
compared  with  lane  1 )  that  was  reversed  by  expression  of  CS-SHP-2  ( lane  4  compared  with  lanes  1  and  2).  The  presence  of  WT-SHP-2  or  2YF-SHP-2  did  not 
reverse  PECAM-1 -dependent,  wound-induced,  paxillin  dephosphorylation  ( lanes  3  and  5,  and  1  and  2).  (The  data  are  from  the  same  experiment  and  the  same 
gel  for  each  antibody.  They  are  representative  of  5  experiments).  B:  densitometry  confirmed  that  the  dephosphorylation  of  paxillin  mediated  by  PECAM-1 
(expressed  as  fold  change  compared  with  REN  cells)  was  reversed  by  coexpression  of  CS-SHP-2.  Data  are  presented  as  means  ±  SE  (n  =  5;  *P  <  0.05,  compared 
with  REN-HP  cells).  Paxillin  levels  in  the  nonwounded  cells  were  comparable  and  were  not  altered  by  the  expression  of  any  of  the  SHP-2  constructs  (data  not 
shown). 
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lanes  3  and  5  compared  with  lane  2).  In  contrast,  when 
CS-SHP-2  was  expressed  in  REN-HP  cells,  paxillin  tyrosine 
phosphorylation  was  preserved  and  even  enhanced  compared 
with  that  of  nontransfected  REN  cells  (Fig.  7A,  lane  4  com¬ 
pared  with  lane  1  and  Fig.  IB).  Phosphopaxillin  levels  in  REN 
cells  during  wound-induced  migration  were  not  increased  by 
the  presence  of  the  CS  mutant  (data  not  shown).  These  data 
provide  evidence  of  a  mechanistic  role  for  SHP-2  in  the 
stimulation  of  PEC  AM- 1 -dependent  cell  motility  through  the 
dephosphorylation  of  paxillin  and  the  subsequent  activation  of 
the  ERK/MAPK  pathway. 

PECAM-1 -dependent  tube  formation  is  not  inhibited  by  the 
expression  of  phosphatase-inactive  SHP-2.  A  number  of  stud¬ 
ies  have  demonstrated  that  the  presence  of  PEC  AM- 1  promotes 
the  in  vitro  formation  of  cord-like/tubular  networks  by  endo¬ 
thelial  cells  or  cellular  transfectants  expressing  PECAM-1  (8, 
35,  52).  We  therefore  studied  the  ability  of  PECAM-1  trans¬ 
fectants  expressing  our  SHP-2  mutants  to  form  tubular  struc¬ 
tures  on  Matrigel  (Fig.  8).  We  found  that  cord/tube  formation 
was  similar  in  control  REN-HP  transfectants  and  transfectants 
expressing  the  SHP-2  constructs  (Fig.  8,  E—T).  In  particular, 
although  the  CS-SHP-2  mutant  inhibited  PECAM- 1 -dependent 
motility  (Fig.  3A),  it  did  not  suppress  PECAM- 1 -dependent 
cord/tube  formation  (Fig.  8,  G  and  7).  This  suggests  that  the 


stimulation  of  cord-like/tubular  networks  mediated  by  the 
expression  of  PECAM-1  is  not  due  merely  to  an  enhancement 
in  cell  motility  and  may  be  less  dependent  on  PECAM-1/ 
SHP-2  interactions. 

DISCUSSION 

The  studies  in  this  paper  were  done  with  the  overall  goal  of 
furthering  our  understanding  of  the  role  of  PECAM-1  as  a 
mediator  of  endothelial  cell  motility  during  angiogenesis.  The 
mechanisms  by  which  PECAM- 1  enhances  cell  migration  still 
remain  to  be  determined,  although  previous  studies  have  indi¬ 
rectly  implicated  a  role  for  SHP-2  in  the  ability  of  PECAM  to 
stimulate  endothelial  cell  motility  (35).  In  these  prior  investi¬ 
gations,  the  ability  of  PECAM-1  to  promote  cell  migration  was 
eliminated  by  mutations  of  Y663  and  Y686  in  the  cytoplasmic 
domain  that  led  to  the  loss  of  the  molecule’s  ability  to  bind  to 
SH2  domain  containing  proteins  such  as  SHP-2  (35).  In  this 
report  we  specifically  demonstrate  that  overexpression  of  cat- 
alytically  inactive  SHP-2,  but  not  wild-type  SHP-2  or  SHP-2  in 
which  the  adaptor/scaffold  functions  have  been  disabled,  elim¬ 
inates  the  ability  of  PECAM-1  to  enhance  cell  migration  (Fig. 
3).  Given  that  the  various  SHP-2  constructs  were  expressed  at 
comparable  levels,  the  effects  of  the  catalytically  inactive 
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Fig.  8.  Cord/tube  formation  on  Matrigel  by  REN  cells  and  REN-HP  cells  expressing  SHP-2  constructs.  Shown  are  REN  cells  ( A-D )  and  REN-HP  cells  ( E-H ), 
expressing  no  SHP-2  constructs  ( A  and  E),  WT-SHP-2  ( B  and  F),  CS-SHP-2  (C  and  G ),  or  2YF-SHP-2  (D  and  H)  plated  on  Matrigel.  REN  cells  did  not  form 
cord/tube-like  networks  on  Matrigel,  whereas  all  of  the  REN-HP  cell  transfectants  did  form  cord/tube-like  networks  at  comparable  levels.  Cord/tube  formation 
was  quantitated  using  image  analysis  (/).  There  were  no  significant  differences  between  the  various  cell  lines  (n  =  6).  The  data  presented  are  representative  of 
3  experiments. 
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SHP-2  are  unlikely  to  be  related  to  “flooding”  the  cells  with 
excess  SHP-2.  In  addition,  the  enhanced  motility  mediated  by 
the  presence  of  PECAM-1  was  completely  abrogated  by  a 
specific  pharmacological  inhibitor  of  SHP-2  phosphatase  ac¬ 
tivity  (Fig.  5).  Consequently,  our  studies  now  provide  direct 
evidence  for  the  involvement  of  SHP-2  in  PEC  AM- 1 -depen¬ 
dent  motility.  These  data  also  point  to  the  importance  of  the 
phosphatase  activity  of  SHP-2,  rather  than  its  adaptor/scaffold 
functions,  in  this  process. 

Although  there  is  still  more  to  be  learned,  our  data  offer 
some  clues  regarding  the  activity  of  SHP-2  as  a  mediator  of 
PECAM- 1 -dependent  motility.  First,  in  REN-HP  cells  ex¬ 
pressing  the  phosphatase-inactive  SHP-2  mutant,  both  at 
rest  or  following  wounding,  we  found  that  the  levels  of 
PECAM-1  tyrosine  phosphorylation  and  SHP-2  association 
were  significantly  increased  when  compared  with  control 
REN-HP  cells.  In  contrast,  significant  changes  were  not 
induced  by  the  expression  of  the  other  constructs  (Fig.  2). 
These  data  are  consistent  with  a  dynamic  interaction  between 
SHP-2  and  PECAM-1  in  which  the  level  of  PECAM-1  tyrosine 
phosphorylation,  and  thus  SHP-2  binding,  are  regulated  in  part 
by  bound,  catalytically  active  SHP-2. 

Second,  we  found  that  the  stimulation  of  migration  and 
filopodia  formation  induced  by  the  expression  of  PECAM-1 
was  associated  with  increased  ERK  activation  that  was  sup¬ 
pressed  by  coexpression  of  catalytically  inactive  SHP-2  (Fig. 
6).  There  are  a  number  of  downstream  targets  of  activated  ERK 
(e.g.,  MLCK,  FAK,  and  calpain)  whose  phosphorylation  pro¬ 
motes  processes  required  for  efficient  cell  locomotion  (12,  14, 
22).  For  certain  stimuli,  SHP-2  may  mediate  the  activation  of 
ERK  (14,  37).  Our  finding  that  PEC  AM- 1 -dependent  cell 
migration  was  associated  with  increased  ERK  activation, 
which  was  inhibited  by  phosphatase-inactive  SHP-2  (Fig.  5),  is 
therefore  consistent  with  previous  reports.  Furthermore,  these 
data  suggest  that  PECAM-1  in  the  context  of  endothelial  cell 


motility,  through  SHP-2,  may  play  a  role  in  the  upstream 
regulation  of  ERK. 

Finally,  our  data  suggest  a  mechanism  for  this  PECAM- 1- 
dependent  ERK  activation.  During  wound-induced  migration 
we  observed  that  PECAM-1  mediated  a  significant  dephos¬ 
phorylation  of  paxillin  that  was  reversed  by  coexpression  of 
phosphatase-inactive  SHP-2  (Fig.  7).  This  is  significant 
because  there  is  evidence  that  Csk,  by  binding  to  phosphor- 
ylated  paxillin,  mediates  inhibitory  signals  that  repress  ERK 
activation  (14,  37).  In  initial  studies,  we  have  observed  that 
the  amount  of  Csk  associated  with  paxillin  during  wound- 
induced  migration  was  always  significantly  greater  in  the  cells 
expressing  the  CS-SHP-2  mutant  compared  with  the  other 
transfectants  (data  not  shown).  Consequently,  in  the  setting  of 
PECAM-1 -stimulated  cell  migration,  dephosphorylation  of 
paxillin  by  SHP-2,  which  was  recruited  and  potentially  acti¬ 
vated  by  PECAM-1,  may  serve  to  trigger  an  ERK/MAPK- 
dependent  signaling  cascade  by  relieving  Csk-mediated  inhi¬ 
bition. 

Our  finding  that  expression  of  the  catalytically  inactive 
SHP-2  construct  in  REN-HP  suppresses  PECAM- 1 -dependent 
cell  motility  without  inhibiting  the  capacity  of  these  cells  to 
form  cord-like/tubular  networks  (Fig.  8)  suggests  that  the 
ability  of  PECAM- 1  to  promote  in  vitro  cord/tube  formation  is 
independent  of  its  ability  to  stimulate  cell  migration.  Addition¬ 
ally,  in  previous  studies  we  have  shown  that  loss  of  the  ability 
of  PECAM-1  to  bind  to  SH2  domain  containing  proteins 
inhibits  PECAM- 1 -dependent  in  vitro  tube  formation,  impli¬ 
cating  molecules  such  as  SHP-2  in  this  process  (15).  Our  data, 
however,  suggest  this  inhibition  is  not  due  to  the  loss  of  a 
PECAM- 1/S  HP-2  interaction,  pointing  to  the  possibility  that 
other  PECAM-1 -binding,  SH2  domain  containing  proteins, 
may  substitute  for  or  be  more  important  than  SHP-2  in 
mediating  the  ability  of  PECAM-1  to  stimulate  to  the 
formation  of  tubular/cord-like  networks.  We  would  stress 
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Fig.  9.  A  proposed  model  for  the  involvement 
of  PECAM-1  in  endothelial  cell  motility  dur¬ 
ing  angiogenesis.  Angiogenic  factors  and/or 
conditions  stimulate  PECAM-1  tyrosine  phos¬ 
phorylation  and  the  binding  of  SHP-2  to 
PECAM-1  (step  1).  This  association  of  SHP-2 
with  PECAM- 1  results  in  activation  of  its  phos¬ 
phatase  activity  (step  2).  The  activated  SHP-2 
dephosphorylates  the  PECAM-1  molecule  to 
which  it  is  bound,  leading  to  its  release  from 
PECAM-1  (step  3).  The  liberated  SHP-2  subse¬ 
quently  targets  paxillin,  dephosphorylating  it 
(Step  4),  to  trigger  events  such  as  the  turnover  of 
focal  adhesions  and  ERK-mediated  activation  of 
filopodia  formation,  which  ultimately  promote 
endothelial  cell  motility.  (Tyr  =  residues  663 
and  686;  P  =  phosphate). 
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that  our  data  neither  preclude  some  other  molecular  interaction 
with  PECAM-1  that  might  contribute  to  junctional  stabiliza¬ 
tion,  nor  do  they  exclude  the  involvement  of  PECAM- 1  in  the 
maintenance  of  junctional  stability  during  quiescence. 

Although  a  number  of  elements  remain  to  be  confirmed,  we 
propose  a  model  (Fig.  9)  for  the  involvement  of  PECAM-1  in 
endothelial  motility  during  angiogenesis  in  which  angiogenic 
factors  and/or  stimuli  trigger  the  tyrosine  phosphorylation  of 
PECAM-1  and  the  subsequent  binding  of  SHP-2  to  PECAM-1. 
This  PECAM- l/SHP-2  interaction  accomplishes  two  things: 
the  recruitment  of  SHP-2  to  the  membrane  and  the  activa¬ 
tion  of  its  phosphatase  activity,  possibly  by  conformational 
changes  stimulated  by  PECAM-1 -binding.  With  its  phos¬ 
phatase  activity  now  “turned  on,”  SHP-2  then  dephosphoy- 
lates  the  PECAM-1  molecule  to  which  it  is  bound,  resulting 
in  the  release  of  SHP-2.  The  liberated  SHP-2,  now  localized 
at  the  membrane,  promotes  the  turnover  of  focal  adhesions 
by  dephosphorylating  constituent  proteins  such  as  paxillin 
(35).  The  membrane-localized  SHP-2  also  mediates  dephos- 
phoylation  events  that  activate  the  ERK  pathway,  a  conse¬ 
quence  of  which  is  the  enhanced  formation  of  hlopodia.  The 
net  effects  of  these  events  are  increased  cell  motility  and  a  role 
for  PECAM-1  in  facilitating  these  processes  through  the  re¬ 
cruitment  and  activation  of  SHP-2. 
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Platelet  endothelial  cell  adhesion  molecule  (PECAM)-l 
has  been  previously  implicated  in  endothelial  cell 
migration;  additionally,  anti-PECAM-1  antibodies  have 
been  shown  to  inhibit  in  vivo  angiogenesis.  Studies 
were  therefore  performed  with  PECAM-l-null  mice  to 
further  define  the  involvement  of  PECAM-1  in  blood 
vessel  formation.  Vascularization  of  subcutaneous  Ma- 
trigel  implants  as  well  as  tumor  angiogenesis  were  both 
inhibited  in  PECAM-l-null  mice.  Reciprocal  bone  mar¬ 
row  transplants  that  involved  both  wild-type  and  PE- 
CAM-l-deficient  mice  revealed  that  the  impaired  angio¬ 
genic  response  resulted  from  a  loss  of  endothelial,  but 
not  leukocyte,  PECAM-1.  In  vitro  wound  migration  and 
single-cell  motility  by  PECAM-l-null  endothelial  cells 
were  also  compromised.  In  addition,  filopodia  forma¬ 
tion,  a  feature  of  motile  cells,  was  inhibited  in  PECAM- 
l-null  endothelial  cells  as  well  as  in  human  endothelial 
cells  treated  with  either  anti-PECAM-1  antibody  or  PE- 
CAM-1  siRNA.  Furthermore,  the  expression  of  PECAM-1 
promoted  filopodia  formation  and  increased  the  pro¬ 
tein  expression  levels  of  Cdc42,  a  Rho  GTPase  that  is 
known  to  promote  the  formation  of  filopodia.  In  the 
developing  retinal  vasculature,  numerous,  long  fila¬ 
mentous  filopodia,  emanating  from  endothelial  cells 
at  the  tips  of  angiogenic  sprouts,  were  observed  in 
wild-type  animals,  but  to  a  lesser  extent  in  the 
PECAM-l-null  mice.  Together,  these  data  further  es¬ 
tablish  the  involvement  of  endothelial  PECAM-1  in 
angiogenesis  and  suggest  that,  in  vivo ,  PECAM-1  may 
stimulate  endothelial  cell  motility  by  promoting  the 
formation  of  filopodia.  (Am  J  Pathol  2009,  175:903-915; 
DOI:  10.2353/ajpath.2009.090206) 

Platelet  endothelial  cell  adhesion  molecule-1  (PECAM-1) 
is  a  130-kd  transmembrane  glycoprotein  member  of  the 


Ig  superfamily  expressed  on  endothelial  cells  (ECs)  as 
well  as  leukocytes  and  platelets.1  Although  it  was  origi¬ 
nally  recognized  as  a  protein  capable  of  binding  interac¬ 
tions  with  itself  and  possibly  other  non-PECAM-1  mole¬ 
cules,2-6  there  is  now  a  significant  body  of  evidence  that 
PECAM-1  also  participates  in  signaling  cascades7,8  Of 
note,  PECAM-1  has  two  tyrosine  residues  (Y663  and 
Y686)  that  each  fall  within  a  conserved  signaling  se¬ 
quence  known  as  the  immunoreceptor  tyrosine-based 
inhibitory  motif. 9,10  Phosphorylation  of  these  tyrosine  res¬ 
idues  enables  the  binding  of  Src  homology  (SH)-2  do¬ 
main  containing  molecules,  including  the  SHP-2  tyrosine 
phosphatase.11-14  Consistent  with  an  involvement  in 
blood  vessel  formation,15-17  PECAM-1  has  been  impli¬ 
cated  in  the  adhesive  and  signaling  events  required  for 
endothelial  cell  migration,17,18  a  process  critical  to  angio¬ 
genesis.  These  studies  of  human  ECs,  and  cellular  trans- 
fectants  expressing  human  PECAM-1,  have  suggested 
that  PECAM-1  may  promote  endothelial  cell  motility  by 
recruiting  SHP-2  to  the  cell  membrane,  which  induces  the 
turnover  of  focal  adhesions.18 

The  finding  that  anti-PECAM-1  antibodies  impair  ves¬ 
sel  formation  supports  a  role  for  PECAM-1  during  in  vivo 
angiogenesis.15-17  Mice  deficient  in  the  expression  of 
PECAM-1  are  viable,  suggesting  that  vascular  develop¬ 
ment  in  the  absence  of  PECAM-1  is  sufficient  to  allow  for 
adequate  embryogenesis.19  However,  subsequent  stud¬ 
ies  have  shown  that  the  loss  of  PECAM-1  results  in 
decreased  neutrophil  recruitment  in  response  to  inter- 
leukin-1 20,21  and  in  other  inflammatory  settings,22,23  en¬ 
hanced  susceptibility  to  endotoxic  shock,24  increased 
endothelial  sensitivity  to  apoptotic  stress,25  and  impaired 
alveolarization.26  To  date,  however,  in  vivo  angiogenesis 
has  been  investigated  in  these  animals  in  only  a  limited 
number  of  reports.27,28  Studies  were  therefore  performed 
in  PECAM-1-null  mice  to  more  fully  define  the  formation  of 
vessels  in  several  animal  models,  as  well  as  the  func- 
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tional  activity  of  ECs  isolated  from  wild-type  and  PECAM- 
null  mice. 

We  found  that  vascularization  of  subcutaneous  Matri- 
gel  implants,  as  well  as  tumor  angiogenesis,  were  inhib¬ 
ited  in  PECAM-1-null  mice.  Reciprocal  bone  marrow 
transplants  involving  wild-type  and  PECAM-1 -deficient 
mice  revealed  that  the  impaired  angiogenic  response 
resulted  from  a  loss  of  endothelial  PECAM-1  and  not 
leukocyte  PECAM-1.  In  subsequent  studies  of  ECs  iso¬ 
lated  from  these  animals,  we  found  that  in  vitro  cell  mi¬ 
gration  was  significantly  compromised  in  the  ECs  iso¬ 
lated  from  PECAM-1 -deficient  mice.  Further,  a  feature  of 
an  actively  motile  cell  includes  the  presence  of  cellular 
protrusions  known  as  filopodia, 29,30  which  mediate  sev¬ 
eral  functions  required  for  cell  migration.  The  formation  of 
filopodia  was  impaired  in  PECAM-1-null  ECs,  and  in  hu¬ 
man  umbilical  vein  endothelial  cells  (HUVEC)  treated  with 
anti-PECAM-1  antibody  or  in  which  PECAM-1  expression 
had  been  knocked  down  by  siRNA.  In  addition,  expres¬ 
sion  of  PECAM-1  in  cellular  transfectants  promoted  filop¬ 
odia  formation.  The  expression  of  PECAM-1  increased 
the  protein  levels  of  Cdc42,  a  Rho  GTPase  known  to 
promote  the  formation  of  filopodia.31-35  These  in  vitro  data 
were  consistent  with  the  finding  that  reduced  numbers  of 
endothelial  filopodial  extensions  were  detected  in  PE- 
CAM-1-null  mice  during  postnatal  vascularization  of  the 
retina  in  the  developing  murine  eye.  Together,  these  data 
further  establish  the  involvement  of  endothelial  PECAM-1 
in  the  formation  of  vessels  and  suggest  that,  in  vivo, 
PECAM-1  may  stimulate  endothelial  cell  motility  by  pro¬ 
moting  the  formation  of  filopodia. 


Materials  and  Methods 

Reagents  and  Chemicals 

All  reagents  and  chemicals  were  obtained  from  Sigma 
(St.  Louis,  MO)  unless  otherwise  specified. 

Antibodies 

The  following  antibodies  against  murine  surface  recep¬ 
tors  were  used:  mAb  390,  rat  anti-PECAM-115,16;  rat 
anti-ICAM-136;  and  rat  anti-ICAM-2  (Southern  Biotech, 
Birmingham,  AL).  The  following  antibodies  were  also 
used:  Cdc42  and  VE-cadherin  (Santa  Cruz  Biotechnol¬ 
ogy,  Santa  Cruz,  CA);  Racl  and  RhoA  (BD  Transduction 
Laboratories,  San  Jose,  CA);  and  GAPDH  (Chemicon/ 
Millipore,  Temecula,  CA).  Cell  surface  antibody  binding 
was  determined  by  flow  cytometry  using  previously  de¬ 
scribed  procedures.18 


Cell  Lines 

The  H5V  murine  endothelial  line,37  B16  murine  melanoma 
line  (obtained  from  the  ATCC),  and  ID8-VEGF  tumor 
line38  were  cultured  in  Dulbecco’s  modified  Eagle’s  me¬ 
dium  containing  10%  fetal  bovine  serum,  penicillin/strep¬ 
tomycin,  and  2  mmol/L  L-glutamine,  with  insulin  also 
added  to  the  medium  for  the  culturing  of  the  ID8-VEGF 


cells.  Lung  ECs  were  isolated  from  wild-type  and  PE- 
CAM-1-null  mice  using  published  protocols.39  Mouse 
ECs  and  HUVEC  (Clonetics,  San  Diego,  CA)  were  cul¬ 
tured  on  gelatin  in  medium  199  containing  12.7%  fetal 
bovine  serum,  75  /xg/ml  endothelial  growth  factor,  100 
/Lig/ml  heparin  and  2  mmol/L  glutamine.  Mouse  ECs  and 
HUVEC  were  used  between  passages  2  and  6.  The  hu¬ 
man  mesothelioma  cell  line,  REN,18  was  cultured  in  RPMI 
medium  supplemented  with  10%  fetal  bovine  serum, 
penicillin/streptomycin,  and  2  mmol/L  L-glutamine.  REN 
cell  transfectants  stably  expressing  human  PECAM-1 
(REN-HP)  were  cultured  in  the  same  media  with  G418 
(0.5  g/L;  Gibco  BRL,  Grand  island,  NY). 


Animals 

The  Institutional  Animal  Care  and  Utilization  Committees 
at  both  the  Wistar  Institute  and  the  University  of  Pennsyl¬ 
vania  School  of  Medicine  approved  all  animal  care  pro¬ 
cedures.  PECAM-1 -null  mice  that  had  been  backcrossed 
for  >10  generations  onto  a  C57BL/6  background22  were 
the  kind  gift  of  Dr.  Joseph  Madri  (Yale  University)  through 
Dr.  Steven  Albelda  (University  of  Pennsylvania).  Wild- 
type  mice,  also  on  a  C57BL/6  background,  were  ob¬ 
tained  from  Taconic  (Germantown,  NY). 


Matrigel  Neovascularization  Model 

Wild-type  and  PECAM-1 -null  mice  in  the  C57BL/6  back¬ 
ground  were  injected  subcutaneously  with  0.3  ml  of  Ma¬ 
trigel  (Chemicon/Millipore)  containing  1  x  106  B16  mel¬ 
anoma  cells  to  induce  the  growth  of  vessels  into  the  gel. 
After  5  to  7  days,  the  animals  were  sacrificed.  The  gels 
were  then  harvested  and  either  processed  for  hemoglo¬ 
bin  analysis  as  a  measure  of  the  vascularization  of  the 
gels  or  fixed  in  10%  formalin  for  paraffin  sections  and 
hematoxylin  and  eosin  staining.  Tissue  adjacent  to  as 
well  as  distant  from  the  gel  were  also  harvested  and 
processed  for  silver  staining  as  previously  described.40 


Tumor  Growth  and  Angiogenesis 

A  total  of  2  x  106  B16  melanoma  or  ID8-VEGF  ovarian 
tumor  cells  in  a  total  volume  of  50  /xl  were  injected  sub¬ 
cutaneously  into  the  flanks  of  wild-type  and  PECAM-1 - 
null  mice.  After  14  days  (B16  melanoma)  or  9  weeks 
(ID8-VEGF  ovarian  tumor),  the  mice  were  sacrificed  and 
the  tumors  harvested,  weighed,  and  processed  for  stain¬ 
ing.  For  quantitation  of  angiogenesis,  frozen  sections  of 
comparably  sized  tumors  were  stained  with  ICAM-2  an¬ 
tibody  to  identify  murine  blood  vessels.  To  assess  the 
tumor  angiogenic  response,  serial  sections  were  ob¬ 
tained  from  different  levels  within  the  tumor  separated  by 
—  100  /xm.  A  total  of  four  to  eight  levels  per  tumor  and  four 
to  six  40X  fields  per  level  were  analyzed.  Computer- 
assisted  image  analysis  (Image-Pro  Plus  program,  Media 
Cybernetics,  Silver  Spring,  MD)  was  then  used  to  deter¬ 
mine  the  percentage  of  tumor  occupied  by  vessels. 
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Generation  of  Bone  Marrow  Chimeric  Animals 

Bone  marrow  chimeric  mice  were  generated  as  previ¬ 
ously  described.41  Briefly,  to  generate  recipient  animals, 
6-week-old  wild-type  or  PECAM-1  null  mice  were  irradi¬ 
ated  with  1000  rads  from  a  Cs-137  irradiation  source. 
Within  24  hours  after  irradiation,  donor  marrow  was  ob¬ 
tained  from  the  femur  and  tibia  of  non-irradiated  mice, 
and  5  x  106  cells  were  injected  via  the  tail  vein  into  the 
irradiated  recipient  mice.  Experiments  were  subse¬ 
quently  conducted  4  to  6  weeks  after  transplantation. 
Flow  cytometry  analysis  of  leukocytes,  using  an  anti¬ 
mouse  PECAM-1  antibody,  confirmed  the  phenotype  of 
each  chimeric  mouse. 

Immunohistochemical  Staining 

Immunohistochemistry  was  performed  using  a  commer¬ 
cially  available  kit  according  to  the  manufacturer’s  in¬ 
structions  (ABC  Immunodetection  kit,  Vector  Laborato¬ 
ries,  Burlingame,  CA).  Briefly,  6-/im-thick  sections  were 
prepared  by  cryostat,  transferred  to  glass  slides,  and 
fixed  in  ice-cold  acetone  and  rinsed  in  phosphate-buff¬ 
ered  saline  (PBS).  The  sections  were  then  treated  with 
0.5%  H202  in  PBS  for  30  minutes,  and  then  blocked  with 
0.5%  bovine  serum  albumin  for  30  minutes.  The  primary 
antibody  was  applied  for  1  hour,  washed,  and  then  incu¬ 
bated  with  biotinylated  secondary  antibody  for  60  min¬ 
utes.  The  reaction  was  developed  with  an  avidin-biotin 
complex  reaction  and  the  sections  lightly  counterstained 
with  hematoxylin. 

In  Vitro  Cell  Proliferation 

ECs  were  cultured  for  24  hours  in  96-well  plates  (4000 
cells/well)  and  the  number  of  viable  cells  determined 
using  the  Promega  CellTiter  96  AQueous  non-radioactive 
cell  proliferation  assay  (Madison  Wl). 

In  Vitro  Cell  Death  Detection 

For  the  studies  of  apoptosis,  confluent  cells  were  ex¬ 
posed  for  5  hours  to  serum-free  medium  or  complete 
medium  with  or  without  antibody.  Apoptosis  was  then 
assessed  using  the  APOPercentage  apoptosis  assay 
(Biocolor  Ltd,  Belfast,  N.  Ireland). 

In  Vitro  Wound-Induced  Migration  Assay 

Endothelial  cell  wounding  was  performed  as  previously 
described.18  Twenty  thousand  murine  ECs  (primary  or 
H5V  cells)  were  added  to  24-well  tissue  culture  plates 
and  allowed  to  grow  to  confluence.  Linear  (primary  ECs) 
or  circular  (H5V  cells)  defects  were  then  scratched  into 
the  monolayer.  The  wounded  culture  was  washed  with 
PBS  and  then  incubated  for  24  hours  in  medium  (with  1  % 
serum)  with  antibodies  (100  |u,g/ml)  included  for  studies 
with  H5V  cells.  Images  were  obtained  immediately  after 
wounding  and  then  again  24  hours  later.  The  distance 
migrated  by  cells  at  the  wound  edge  (primary  ECs)  or 


change  in  wound  area  (H5V  cells)  were  determined  using 
computer-assisted  image  analysis.  For  each  condition, 
three  to  five  wounds  were  analyzed.  The  data  are  pre¬ 
sented  as  distance  migrated  (primary  ECs)  or  as  change 
in  wound  area  expressed  as  a  percentage  of  control 
(H5V  cells). 

In  Vitro  Matrigel  Invasion/Migration  Assay 

Matrigel-coated  Transwell  inserts  (Costar;  8-/xm  pore  fil¬ 
ter)  were  prepared  by  twice  adding  100  ^1  of  Matrigel 
(250  /ig/ml)  to  the  Transwell  and  allowing  the  Matrigel  to 
dry  at  37°C  in  a  non-humidified  oven  for  24  hours.  Murine 
ECs  were  labeled  overnight  with  [3H]thymidine  and  re¬ 
suspended  to  a  concentration  of  200,000  cells/ml  in  low 
serum  media  (5%  serum),  with  antibodies  (100  ^g/ml) 
included  for  studies  with  H5V  cells.  The  resulting  cell 
suspensions  (500  ^1)  were  then  placed  in  Transwell  filter 
inserts,  which  in  turn  were  placed  in  12-well  plates  con¬ 
taining  20%  serum  media  and  incubated  for  8  (H5V  cells) 
or  18  (primary  EC)  hours  at  37°C  in  5%  C02.  The  cells 
migrated  through  the  Matrigel,  passed  through  the  pores 
of  the  filter,  and  adhered  on  the  lower  surface  of  the  filter. 
After  incubation  the  wells  were  removed,  washed,  and 
the  top  surface  of  the  filter  wiped  with  a  cotton  swab.  The 
filters  were  then  carefully  cut  out,  placed  in  scintillation 
fluid,  and  counted  in  a  jS-counter.  The  data  are  presented 
as  percent  cells  migrated  (primary  ECs)  or  as  cells  mi¬ 
grated  expressed  as  a  percentage  of  control  (H5V). 

Assessing  the  Morphology  of  Plated  Cells 

Mouse  ECs,  HUVEC,  or  REN  cells  resuspended  in  com¬ 
plete  medium  were  seeded  into  four-well  Lab-Tek  cham¬ 
ber  slides  (Nunc,  Thermo  Fischer  Scientific,  Rochester, 
NY),  that  were  uncoated  (REN  cells)  or  coated  with  1% 
gelatin  (ECs).  Subsequently,  the  cells  were  allowed  to 
spread  for  predetermined  times  at  37°C,  fixed  with  2% 
paraformaldehyde  for  5  minutes  and  then  stained  with 
0.1%  toluidine  blue.  Images  were  then  captured  and 
analyzed  by  computer-assisted  image  analysis. 

siRNA-Mediated  Knockdown  of  Protein 
Expression 

siRNA  oligos  specific  for  PECAM-1  were  obtained  from 
Applied  Biosystems/Ambion  (Austin,  TX).  To  knock  down 
protein  expression,  cells  were  grown  to  80%  confluence 
in  12-well  dishes  and  then  transduced  at  37°C  5%  C02 
for  6  hours  with  0.1  jumol/L  siRNA  according  to  the  man¬ 
ufacturer’s  (Santa  Cruz)  instructions. 

Visualization  and  Quantification  of  Retinal 
Vasculature 

The  vasculature  of  the  developing  mouse  retina  was  pro¬ 
cessed  and  visualized  using  published  procedures.42 
Briefly,  mouse  eyes  were  fixed  in  4%  paraformaldehyde 
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Figure  1.  Neovascularization  of  Matrigel  implants  in  wild-type  and  PECAM- 
1-null  mice.  Shown  are  images  of  subcutaneous  Matrigel  implants  (aster¬ 
isks)  containing  Bl6  melanoma  cells  as  a  source  of  angiogenic  factors 
harvested  after  5  days  from  wild-type  (A)  and  PECAM-l-null  (PECAM  KO)  (B) 
animals.  A  “blush”  of  vessel  proliferation  (white  arrow)  was  evident  around 
the  implants  from  the  wild-type  animal  that  was  not  present  in  the  PECAM- 
l-null  mice.  H&E  staining  demonstrated  the  presence  of  many  more  vessels 
(black  arrows)  invading  the  gels  in  the  wild-type  (C)  mice  compared  with 
the  gels  from  the  PECAM-1 -deficient  mice  (D).  The  vascularization  of  the 
gels,  as  assessed  by  hemoglobin  concentration  (E),  was  significantly  reduced 
in  PECAM-l-null  mice  compared  with  wild-type  mice.  Data  are  presented  as 
means  ±  SE  (n  =  10,  *P<  0.01). 


in  PBS  at  4°C  overnight  and  then  washed  with  PBS. 
Retinas  were  dissected,  permeabilized  in  PBS  with  1% 
bovine  serum  albumin  and  0.5%  Triton  X-100  at  4°C 
overnight,  rinsed  in  PBS,  washed  twice  in  PBlec  (PBS,  pH 
6.8,  1%  Triton-XlOO,  0.1  mmol/L  CaCI2,  0.1  mmol/L 
MgCI2,  0.1  mmol/L  MnCI2),  and  incubated  in  biotinylated 
isolectin  B4  ( Bandeiraea  simplicifolia,  Sigma-Aldrich),  20 
/ug/ml  in  PBlec  at  4°C  overnight.  After  five  washes  in  PBS, 
samples  were  incubated  with  fluorescein  avidin  D  (Vector 
Laboratories,  Burlingame,  CA)  diluted  1 : 100  in  PBS,  0.5% 
bovine  serum  albumin,  and  0.25%  Triton  X-100  at  4°C  for 
6  hours.  After  washing  and  a  brief  postfixation  in  parafor¬ 
maldehyde,  the  retinas  were  flat-mounted  using  Vectash- 
ield  Hard  Set  (H-1400,  Vector  Laboratories)  and  then 
analyzed  using  fluorescence  microscopy  (Olympus  1X70) 
and  the  Metamorph  imaging  system  (Molecular  Devices, 
Downingtown,  PA). 

Western  Blotting 

Total  cell  lysates  were  loaded  in  equal  protein  amounts 
(10  jag)  determined  by  BCA  (Pierce,  Rockford,  IL).  Pro¬ 
teins  were  resolved  by  sodium  dodecyl  sulfate-polyacryl¬ 
amide  gel  electrophoresis  (Novex;  Invitrogen)  followed 
by  transfer  onto  nitrocellulose  membranes  using  the  iBIot 
dry  blotting  system  (Invitrogen),  which  employs  semidry 
electrotransfer.  Membranes  were  washed  in  IX  TTBS  for 
2  to  3  minutes,  blocked  with  5%  blotting  grade  blocker 
solution  from  Bio-Rad  Laboratories  (Hercules,  CA),  and 
incubated  with  the  primary  antibody  in  2%  bovine  serum 
albumin  for  1  hour  at  room  temperature.  Unbound  anti¬ 
bodies  were  washed  off  with  TTBS  before  membranes 
were  incubated  with  horseradish  peroxidase-labeled 
species-specific  secondary  antibodies  for  1  hour  at  room 
temperature.  After  again  washing  the  membranes  with 
PBS,  bound  antibody  signals  were  detected  by  en¬ 
hanced  chemiluminescence  substrate  and  documented 
on  X-ray  film.  The  chemiluminescent  signals  were  quan¬ 
tified  by  densitometry  (ImageQuant,  Amersham,  Piscat- 
away,  NJ)  and  normalized  to  the  housekeeping  protein 
GAPDH. 
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Figure  2.  Morphology  of  vessels  remote  from 
and  adjacent  to  Matrigel  implants  in  wild-type 
and  PECAM-l-null  mice.  Skin  tissue  was  har¬ 
vested  from  wild-type  (A  and  C)  and  PECAM-l- 
null  (PECAM-1  KO)  mice  (B  and  D)  from  areas 
remote  from  (A  and  B)  and  adjacent  to  (C  and 
D)  the  Matrigel  implants  and  the  vasculature 
visualized  by  silver  staining.  In  areas  remote 
from  the  Matrigel  plugs  the  morphology  and 
pattern  of  the  vasculature  were  similar  in  wild- 
type  and  PECAM-1  null  mice  (A  and  B,  red  ar¬ 
rows),  while  the  vessels  adjacent  to  and  invading 
the  gels  in  PECAM-l-null  mice  were  less  dilated 
and  tortuous  than  the  comparable  vessels  in  wild- 
type  animals  (C  and  D,  white  arrows). 


PECAM-1  and  Angiogenesis  907 

AJP  August  2009,  Vol.  1 75,  No.  2 


UIMKMI 


PECAM-1  KO 


Wild  Type  PECAM-1  KO 

Mouse  Strain 


D 


*4  » 

9 

___  VVild  Tvoe 

•  ••f  t 

1  9  1 

#  f 

PECAM-1  KO 

Mouse  Strain 


Mouse  Strain 

F  £  10-On 

t> 


Wild  Type  PECAM-1  KO 


Mouse  Strain 


Figure  3-  Tumor  growth  and  angiogenesis  in  wild-type  and  PECAM-l-null  mice.  The  growth  of  the  ID8-VEGF  ovarian  tumor  line  (A  and  C)  and  a  Bl6  melanoma 
line  (B  and  D),  as  accessed  by  tumor  weight,  was  significantly  inhibited  in  the  PECAM-l-null  (PECAM-1  KO)  mice  (ID8,  n  =  10,  *P  <  0.002;  Bl6,  n  =  22,  **P  = 
0.05).  The  vessel  densities  in  tumors  of  comparable  sizes,  as  assessed  by  percentage  of  the  tumor  occupied  by  vessels  (E  and  F),  were  significantly  reduced  in 
the  PECAM-l-null  mice  (ID8,  n  =  10,  *P  <  0.02;  Bl6,  n  =  8,  **P  <  0.008).  Data  are  presented  as  means  ±  SE. 


Statistical  Analyses 

Differences  among  groups  were  analyzed  using  one-way 
analysis  of  variance.  Results  are  presented  as  means  ± 
SE.  When  statistically  significant  differences  were  found 
(P  <  0.05),  individual  comparisons  were  made  using  the 
Bonferroni/Dunn  test. 


Results 

Reduced  Vascularization  of  Matrigel  Implants  in 
PECAM-1 -Null  Mice 

To  confirm  the  results  of  previous  antibody  studies  impli¬ 
cating  PECAM-1  in  vessel  formation,  in  vivo  murine  an¬ 
giogenesis  was  studied  in  mice  deficient  in  the  expres¬ 
sion  of  PECAM-1 . 19  Initial  studies  were  done  with  a  model 
in  which  vessels  develop  over  5  to  7  days  around  and 
within  subcutaneously  implanted  Matrigel  plugs  contain¬ 
ing  B16  tumor  cells  as  a  source  of  angiogenic  growth 
factors  (Figure  1).  After  5  days,  a  “blush”  of  vessel  pro¬ 
liferation  was  seen  surrounding  plugs  in  the  wild-type 
animals  that  was  not  evident  in  the  PECAM-1-null  mice 
(Figure  1,  A  and  B).  Further  histological  analysis  of  ex¬ 
tracted  implants  demonstrated  that  the  vascularization  of 
implants  from  PECAM-1-null  animals  was  strikingly  less 
than  that  observed  for  the  wild-type  mice  (Figure  1 ,  C  and 
D).  Consistent  with  this,  vascularization  of  the  plugs,  as 
assessed  by  hemoglobin  concentration,  was  significantly 
reduced  (50%)  in  the  PECAM-1  knockout  mice  compared 
with  wild-type  animals  (Figure  IE).  Silver  staining  of  ves¬ 


sels  in  the  skin  was  also  done  to  assess  the  morphology 
of  vessels  invading  the  Matrigel  plugs  (Figure  2).  Vessels 
remote  from  the  Matrigel  plugs  in  both  animal  strains 
were  similar  in  appearance  and  size  (Figure  2,  A  and  B). 
In  contrast,  the  vessels  adjacent  to  the  Matrigel  implants 
were  much  more  dilated  and  tortuous  in  the  wild-type 
mice,  compared  with  those  of  the  PECAM-1-deficient 
animals  (Figure  2,  C  and  D).  This  suggests  that  the 
absence  of  PECAM-1  may  disrupt  and  alter  in  vivo 
angiogenesis. 

Reduced  Tumor  Growth  and  Angiogenesis  in 
PECAM-1 -Null  Mice 

To  extend  the  findings  of  the  Matrigel  studies,  the  sub¬ 
cutaneous  growth  and  associated  tumor  angiogenesis  of 
an  ovarian  tumor  line  overexpressing  VEGF  (ID8)  and  the 
B16  melanoma  line  were  investigated  in  PECAM-1-null 
mice  (Figure  3).  When  compared  with  the  growth  ob¬ 
served  in  wild-type  mice,  it  was  noted  that  the  growth  of 
both  of  these  tumors  was  significantly  reduced  (40  to 
50%)  in  the  PECAM-1 -deficient  animals  (Figure  3,  A-D). 
The  vessel  density  of  comparably  sized  tumors  obtained 
from  wild-type  and  mutant  mice  was  subsequently  deter¬ 
mined  using  ICAM-2  staining  to  identify  murine  vessels 
(Figure  3,  E  and  F).  Using  computer-assisted  image  anal¬ 
ysis,  the  vessel  density  was  found  to  be  significantly 
reduced  for  both  tumors  grown  in  the  PECAM-1 -null 
mice.  This  suggests  that  the  inhibition  of  tumor  growth  in 
the  PECAM-1-null  mice  resulted  from  a  reduced  angio¬ 
genic  response. 
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Figure  4.  Neovascularization  of  Matrigel  implants  in  bone  marrow  chimeric  mice.  Vascularization  of  subcutaneous  Matrigel  implants  was  studied  in  the  following 
chimeric  (donor-recipient)  mice:  wild-type  into  wild-type  (WTBM-WTEC),  wild-type  into  PECAM-l-null  (WTBM-KOEC),  PECAM-l-null  into  PECAM-l-null 
(KObm-KOec).  Flow  cytometry  analysis  confirmed  the  successful  engraftment  of  the  mice  (A— C).  The  angiogenic  responses  (assessed  by  hemoglobin 
concentration)  WTBM-KOEC  KOBM-KOEC  were  very  similar  but  were  significantly  reduced  compared  with  the  WTBM-WTEC  (D).  Data  are  presented  as 
means  ±  SE  (_n  =  8,  *P  <  0.05). 


Murine  Angiogenesis  Involves  Endothelial 
PECAM-1 

Recruited  leukocytes,  tissue  macrophages,  and  circulat¬ 
ing  bone  marrow-derived  progenitor  endothelial  cells 
have  been  identified  as  cellular  participants  during  in  vivo 
angiogenesis  and  thus,  as  PECAM-1  expressing  cells, 
they  may  also  contribute  to  the  participation  of  PECAM-1 
in  this  process.43-48  To  identify  the  possible  involvement 
of  PECAM-1  expressed  on  leukocytes,  macrophages, 
and/or  circulating  endothelial  progenitor  cells  in  vessel 
formation,  bone  marrow  chimeric  animals  were  generated 
to  selectively  propagate  bone  marrow-derived  wild-type 
vascular  cells  against  a  background  of  PECAM-1 -deficient 
endothelium.  This  approach  was  used  successfully  to 
distinguish  the  importance  of  endothelial  versus  platelet 
PECAM-1  in  hemostasis.41  Experiments  were  done  in 
which  the  following  chimeric  (donor-recipient)  mice  were 
generated:  wild-type  into  wild-type  (WTBM-WTEC;  wild- 
type  control),  wild-type  into  PECAM-1  knockout  (WTBM- 
KOec)  and  PECAM-1  knockout  into  PECAM-1  knockout 
(KObm-KOec;  knockout  control).  Flow  cytometry  analysis 
confirmed  that  the  blood  leukocytes  from  the  WTBM-WTEC 
and  WTbm-KOec  mice  expressed  PECAM-1,  while  the 
leukocytes  from  the  KOBM-KOEC  animals  were  devoid  of 
PECAM-1  (Figure  4,  A-C).  The  vascularization  of  subcu¬ 
taneously  implanted  Matrigel  plugs  was  subsequently 
studied  (Figure  4D).  The  angiogenic  responses  in  the 
WTbm-KOec  and  KOBM-KOEC  mice  were  very  similar  but 
were  significantly  reduced  compared  with  the  WTBM- 
WTec  mice.  The  levels  of  inhibition  in  the  WTBM-KOEC  and 
KObm-KOec  chimeric  animals  (50%)  were  comparable 
with  what  was  observed  with  the  PECAM-1 -null  mice 
(Figure  1).  The  failure  of  wild-type,  PECAM-1 -positive 
leukocytes  and/or  bone  marrow-derived  endothelial  pro¬ 
genitor  cells  to  restore  the  wild-type  phenotype  in  the 
knockout  animals  is  consistent  with  the  endothelial  in¬ 
volvement  of  PECAM-1  during  in  vivo  angiogenesis. 

Reduced  Cell  Migration  by  PECAM-1 -Null  ECs 

The  studies  in  the  bone  marrow  chimeric  animals  indicate 
that  the  loss  of  endothelial  PECAM-1  function  inhibits  in 
vivo  angiogenesis.  To  further  investigate  this,  the  activity 


of  endothelial  cells  isolated  from  wild-type  and  PECAM- 
l-null  animals  was  studied.  Cell  proliferation  and  levels  of 
apoptosis  (in  the  absence  of  stress)  in  wild-type  and 
PECAM-1-deficient  ECs  were  comparable  (Figure  5,  A 
and  B).  However,  it  was  found  that  wound-induced  mi¬ 
gration,  as  well  as  the  migration  of  single  cells  through 
matrix-coated  filters,  were  significantly  less  in  PECAM-l- 
null  ECs  compared  with  wild-type  ECs  (Figure  5,  C  and 
D).  These  findings  are  consistent  with  previous  studies, 
which  have  demonstrated  that  expression  of  PECAM-1  in 
cellular  transfectants  increases  cell  motility17,18  and 
suggest  that  inhibition  of  vessel  formation  observed  in 
PECAM-1-null  mice  is  due  in  part  to  impairment  in 
PECAM-1-dependent  cell  motility.  Also  consistent  with 
these  data  is  the  finding  that  (acute)  inhibition  of  mu¬ 
rine  PECAM-1  function  with  an  anti-PECAM-1  antibody 
inhibits  the  cell  migration  of  a  murine  endothelial  cell 
line  (Figure  5,  E  and  F). 

Loss  of  PECAM- 1  Inhibits  the  Formation  of 
Filopodia  by  ECs,  while  Filopodia  Formation  Is 
Stimulated  by  the  Expression  of  PECAM- 1 

The  phenotype  of  a  motile  cell  is  characterized  morpho¬ 
logically  by  the  presence  of  cellular  protrusions  such  as 
filopodia  and  lamellipodia. 29,30  Given  the  involvement  of 
PECAM-1  in  the  motility  of  ECs,  we  analyzed  the  initial 
morphology  of  wild-type  and  PECAM-1-deficient  murine 
ECs  plated  on  gelatin  as  they  transitioned  over  2  to  3 
hours  from  adherent  rounded  cells  to  flattened  spread 
cells  to  polarized  cells  with  various  cellular  protrusions. 
Within  40  minutes  after  plating,  the  majority  of  wild-type 
ECs  (nearly  70%)  displayed  various  filopodial  extensions, 
while  most  (>90%)  of  the  PECAM-1 -null  cells  still  dem¬ 
onstrated  a  rounded  or  flattened  morphology  (Figure  6, 
A-C).  The  absence  of  PECAM-1,  however,  did  not  pre¬ 
vent  the  eventual  formation  of  filopodia,  as  after  90  min¬ 
utes,  the  null  cells  did  begin  to  form  filopodia  (data  not 
shown).  We  also  observed  that  the  morphology  of 
HUVEC  in  which  PECAM-1  expression  had  been  sup¬ 
pressed  by  —90%,  using  siRNA  treatment,  was  notable 
for  few  cells  with  long  cellular  extensions,  compared  with 
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Figure  5.  In  vitro  function  of  murine  ECs  isolated  from  wild-type  and 
PECAM-l-null  mice.  A:  The  proliferation  of  wild-type  and  PECAMl-null 
(PECAM-1  KO)  ECs  cultured  for  24  hours  in  the  presence  of  serum  was 
assessed  using  a  colorimetric  assay  and  measurement  of  the  reaction  mixture 
at  490  nm.  The  proliferative  responses  of  the  two  cell  types  were  comparable 
in  =  4).  B:  Apoptosis  was  assessed  after  5  hours  in  the  presence  or  absence 
of  serum.  PECAM-1  KO  ECs  were  more  susceptible  to  apoptosis  induced  by 
serum  deprivation  in  =  15,  *P  <  0.001,  compared  with  wild-type  ECs).  C: 
Linear  defects  were  made  in  confluent  cell  monolayers  and  closure  of  the 
wounds  after  24  hours  was  assessed  by  computer-assisted  image  analysis. 
Wound-induced  migration  was  decreased  in  the  PECAM-l-null  ECs  in  =  8, 
*P  <  0.001).  D:  The  percentage  of  cells  migrating  through  Matrigel-coated 
Transwell  filters  was  reduced  in  the  PECAM-1 -deficient  ECs  in  =  4,  *P  < 
0.001).  E  and  F:  Anti-mouse  PECAM-1  antibody  inhibited  the  closure  of 
circular  wounds  in  confluent  monolayers  of  H5V  murine  ECs  in  =  4,  *P  < 
0.0002,  compared  with  control)  as  well  as  the  migration  of  these  cells  through 
Matrigel-coated  filters  in  =  3—4,  *  P<  0.05,  compared  with  control).  Data  are 
presented  as  means  ±  SE. 


the  cells  that  were  treated  with  control  siRNA  (Figure  7, 
A-D).  To  confirm  these  findings  from  murine  and  human 
ECs,  we  investigated  the  effect  of  expressing  human 
PECAM-1  in  the  REN  cell  human  mesothelioma  line 
(which  does  not  express  PECAM-1).18  The  expression  of 
human  PECAM-1  in  REN  cells  resulted  in  filopodia  that 
were  significantly  longer  than  those  that  formed  in  the 
control  cells.  The  mean  filopodial  length  was  27.4  pim  for 
REN-HP  cells  compared  with  15.1  for  the  REN  cells  (n  = 
60,  P  <  0.0001;  data  are  presented  as  SE).  Thus  while 
nearly  80%  of  the  filopodia  in  the  control  cells  were  less 
than  20  /urn  in  length,  the  majority  (67%)  of  filopodia  in  the 
REN  cell  transfectants  were  longer  than  20  /j,m,  with  more 
than  16%  extending  beyond  40  /xm  (Figure  8,  A-C). 
Taken  together  these  data  indicate  that  PECAM-1  in¬ 
creases  the  rate  and/or  promotes  the  efficiency  of  filop¬ 
odia  formation  in  ECs. 


Anti-PECAM- 1  Antibodies  Inhibit  Filopodia 
Formation  by  HUVEC 

PECAM-1  has  been  reported  to  participate  in  binding 
interactions  both  with  itself  (homophilic  adhesion)  and 
with  several  non-PECAM-1  molecules  (heterophilic  adhe¬ 
sion),  including  heparan-containing  proteoglycans.2-6  To 
determine  whether  PECAM-1-dependent  ligand  interac¬ 
tions  might  play  a  role  in  the  ability  of  PECAM-1  to  pro¬ 
mote  endothelial  filopodia  formation,  we  studied  the  ef¬ 
fects  of  two  functionally  distinct  antibodies:  mAb  37, 
which  blocks  heterophilic  binding;  and  mAb  62,  which 
blocks  both  homophilic  and  heterophilic  bindings.49  We 
found  that  the  initial  formation  of  filopodia  by  HUVEC  was 
suppressed  by  both  antibodies  but  not  by  control  IgG 
(Table  1).  Given  the  functional  properties  of  the  antibod¬ 
ies  (mAb  37  only  blocks  heterophilic  binding)  and  the  fact 
that  these  studies  were  done  with  non-confluent  cells, 
these  data  suggest  that  endothelial  cell  filopodia  forma¬ 
tion  may  be  mediated  by  PECAM-1 -dependent  hetero¬ 
philic  binding  to  matrix  proteins. 

Expression  of  PECAM- 1  Increases  Cdc42 
Levels 

Rho  GTPases,  including  Rho,  Rac,  and  Cdc42,  act  as 
molecular  switches  that  regulate  signal  transduction 
pathways  by  cycling  between  a  GDP-bound  inactive  form 
and  a  GTP-bound  active  form.31-35  Although  they  influ¬ 
ence  a  wide  range  of  biochemical  processes,  their  best- 
defined  activity  is  in  the  regulation  of  actin  dynamics:  Rho 
A  causes  the  formation  of  stress  fibers;  Racl  results  in 
the  formation  of  lamellipodia  and  membrane  ruffling;  and 
Cdc42  leads  to  the  formation  of  filopodia.31-35  Given  the 
finding  that  the  expression  of  PECAM-1  promotes  filopo¬ 
dia  formation,  we  sought  to  determine  the  expression 
level  of  Cdc42  in  cells  expressing  PECAM-1.  We  ob¬ 
served  that  the  loss  of  PECAM-1  in  murine  ECs  was 
associated  with  decreased  Cdc42  protein  expression 
(Figure  9,  A  and  B),  while  the  presence  of  PECAM-1  in 
REN  cells  up-regulated  the  expression  of  Cdc42  (Figure 
9,  C  and  D).  In  contrast,  the  expression  of  RhoA  and 
Racl  appeared  to  be  independent  of  changes  in  the 
levels  of  PECAM-1. 

Decreased  Endothelial  Tip  Cell  Filopodia  in 
PECAM- 1  -Null  Mice  during  Vascularization  of 
the  Developing  Retina 

The  development  of  the  retinal  vasculature  of  mice  is 
completed  after  birth  and  provides  an  excellent  model  for 
studying  postnatal  physiological  angiogenesis50,51  It  in¬ 
volves  the  initial  formation  of  a  superficial  vascular  plexus 
(week  1)  across  the  surface  of  the  retina  that  subse¬ 
quently  sprout  vessels  that  penetrate  into  the  retina  to 
give  rise  to  the  deep  retinal  vascular  plexuses  (weeks 
2-4).  The  developing  superficial  vascular  plexus,  as  it 
advances  from  the  central  retinal  artery  across  the  retinal 
surface,  provides  an  in  vivo  system  for  studying  ECs 
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Figure  6.  Filopodia  formation  by  wild-type  and  PECAM-l-null  ECs.  Shown  are  wild-type  (A)  and  PECAM-l-null  (PECAM-1  KO)  ECs  (B)  40  minutes  after  plating 
on  gelatin.  At  this  time  point,  the  wild-type  ECs  have  quickly  transitioned  to  a  morphology  in  which  the  majority  of  cells  have  filopodia  (Al-3,  arrows).  In  contrast, 
the  PECAM-1  KO  ECs  at  40  minutes  have  attached  and  spread,  but  few  display  filopodia  (Bl— 3).  The  formation  of  filopodia  was  assessed  by  determining  the 
percentage  of  cells  with  filopodial  extensions  (C)  and  was  found  to  be  significantly  reduced  in  the  PECAM-l-null  ECs.  Data  are  presented  as  means  ±  SE  (n  = 
4,  *P  <  0.0001). 


located  at  the  tips  of  angiogenic  sprouts  and  the  filopodia 
emanating  from  these  tip  cells.  We  therefore  analyzed  the 
retinal  vasculature  from  5-day-old  wild-type  and  PECAM- 
l-null  mice  that  were  stained  with  fluorescein  isothiocya¬ 
nate-labeled  isolectin-B.  The  density  of  the  developing 
retinal  vasculature  of  the  PECAM-1-null  mice  was  signif¬ 
icantly  less  than  that  of  the  wild-type  animals  (Figure  10, 
A  and  B).  For  PECAM-1 -null  mice  the  number  of  retinal 
vessel  branch  points/mm2  and  closed  capillary  loops/ 
mm2  were  decreased,  while  the  mean  retinal  area  (^m2) 


enclosed  within  a  closed  capillary  loop  was  increased, 
data  that  are  all  consistent  with  a  less  dense  vascular 
plexus  (Table  2).  Further,  in  the  retina  of  wild-type  mice, 
numerous  angiogenic  sprouts  are  observed  at  the  ad¬ 
vancing  edge  of  the  vascular  plexus,  with  multiple  long 
filamentous  filopodia  extending  from  the  ECs  at  the  tips  of 
each  sprout  (Figure  10,  C  and  E).  In  contrast,  the  angio¬ 
genic  sprouts  of  the  retinal  vasculature  from  the  PECAM- 
1  -deficient  mice  tended  to  appear  more  blunt  ended  and 
the  filopodial  extensions  emanating  from  the  sprouts 


Figure  7.  Filopodia  formation  by  HUVEC  treated  with  PECAM-1  siRNA.  HUVEC  plated  on  gelatin  were  transduced  with  nonspecific  (A)  or  PECAM-1  (B)  siRNA 
and  then  viewed  after  72  hours  (at  the  point  of  maximal  PECAM-1  suppression).  Cells  with  filopodia  were  numerous  in  the  HUVEC  treated  with  control  siRNA 
(Al  and  2,  black  arrows),  while  most  of  the  HUVEC  exposed  to  PECAM-1  siRNA  lacked  filopodial  extensions  (Bl  and  2,  white  arrows).  The  formation  of 
filopodia  was  assessed  by  determining  the  percentage  of  cells  with  filopodial  extensions  (C)  and  was  found  to  be  very  significantly  reduced  in  the  cells  treated 
with  PECAM-1  siRNA  (n  =  5,  *P  <  0.0001).  Data  are  presented  as  means  ±  SE.  Western  blot  analysis  is  displayed  from  cell  lysates  of  HUVEC  treated  with 
nonspecific  or  PECAM-1  siRNA  (D).  PECAM-1  expression  after  PECAM-1  siRNA  treatment  was  reduced  to  12%  of  the  expression  in  nonspecific  siRNA  controls  as 
assessed  by  densitometry.  Staining  for  /3-actin  demonstrated  equal  loading  (data  not  shown). 
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Figure  8.  Filopodia  formation  by  REN  cells  and  REN  cells  expressing  human 
PECAM-1.  Shown  are  REN  cells  (A)  and  REN-HP  cells  (B).  Filopodia  were 
short  and  rudimentary  in  the  REN  cells  (A,  black  arrows),  but  were  in¬ 
creased  in  length  in  cells  (B,  white  arrows).  The  frequency  distribution  of 
the  lengths  of  the  filopodia  (<  20  /x m,  20—40  /xm,  and  >400  /xm)  was  plotted 
(C)  and  revealed  that  unlike  the  REN  cells,  the  majority  of  filopodia  emanat¬ 
ing  from  the  REN-HP  cells  were  greater  than  20  /xm  and  frequently  extended 
beyond  40  /xm  (n  =  60). 


were  fewer  in  number  and  shorter  in  length  (Figure  10,  D 
and  F).  These  data  provide  further  (in  vivo)  evidence  of 
the  involvement  of  PECAM-1  in  the  formation  of  endothe¬ 
lial  cell  filopodia. 


Discussion 

In  this  report,  studies  were  done  with  PECAM-1-null  mice 
to  further  define  the  involvement  of  PECAM-1  during  in 
vivo  angiogenesis.  We  found  that  vascularization  of  sub¬ 
cutaneous  Matrigel  implants,  as  well  as  tumor  angiogen¬ 
esis,  were  inhibited  in  PECAM-1 -null  mice.  Reciprocal 
bone  marrow  transplants  involving  wild-type  and  PE- 
CAM-1 -deficient  mice  revealed  that  the  impaired  angio¬ 
genic  response  resulted  from  a  loss  of  endothelial  and 
not  leukocyte  PECAM-1.  In  subsequent  studies  of  ECs 
isolated  from  these  animals,  we  found  that  in  vitro  wound 
and  single  cell  migration  were  significantly  compromised 


Table  1.  Effect  of  Anti-PECAM-1  Antibody  on  the  Formation 
of  Filopodia  by  HUVEC 


Antibody  treatment 

IgG 

mAb  37 

mAb  62 

Percent  cells  with 

44  ±  5 

13.6  ±  4* 

16  ±  6* 

filopodia 

HUVEC  were  plated  on  gelatin  in  the  presence  of  IgG,  mAb  37,  or 
mAb  62  (100  ju.g/ml),  and  the  percentage  of  cells  with  filopodia  was 
determined  after  1  hour.  Compared  with  IgG,  both  antibodies  decreased 
the  percentage  of  cells  with  filopodia  (n  =  5-7,  *P  <  0.01).  Data  are 
presented  as  means  ±  SE. 

*P  <  0.01. 
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Figure  9-  PECAM-1  expression  and  Cdc42  levels.  Cell  lysates  from  wild-type 
and  PECAM- 1-null  (PECAM-1  KO)  ECs  (A  and  B),  and  from  REN  cells  and 
REN-HP  cells  (C  and  D)  were  immunoblotted  with  antibodies  against  PE- 
CAM-1,  Cdc42,  Racl,  RhoA,  VE-cadherin,  and  GAPDH.  The  loss  of  PECAM-1 
in  murine  ECs  decreased  Cdc42  protein  expression  (A),  while  the  presence 
of  PECAM-1  in  REN-HP  cells  increased  the  expression  of  Cdc42  (C).  Densi- 
tometric  analysis  was  performed  (B  and  D).  The  data  were  normalized  to 
GAPDH  and  expressed  for  the  PECAM-1  KO  ECs  as  fold  change  compared 
with  wild-type  ECs  (n  =  2)  and  for  the  REN-HP  cells  as  fold  change 
compared  with  REN  cells  (n  =  3)-  Data  are  presented  as  means  ±  SE. 


in  the  ECs  isolated  from  PECAM-1 -deficient  mice.  The 
formation  of  filopodia  was  also  impaired  in  PECAM-1-null 
ECs  and  in  HUVEC  treated  with  anti-PECAM-1  antibody 
or  in  which  PECAM-1  expression  had  been  suppressed 
by  siRNA.  In  addition,  expression  of  PECAM-1  in  cellular 
transfectants  promoted  filopodia  formation.  Consistent 
with  these  data,  were  the  findings  that  the  protein  levels 
of  Cdc42,  a  Rho  GTPase  known  to  promote  the  formation 
of  filopodia,  were  increased  by  the  expression  of  PE- 
CAM-1.  In  the  developing  retinal  vasculature,  the  ECs  at 
the  tips  of  angiogenic  sprouts  in  wild-type  animals  dis¬ 
played  long  filamentous  filopodia,  while  filopodial  exten¬ 
sions  emanating  from  the  endothelial  tip  cells  in  the  PE- 
CAM-1-null  animals  were  fewer  in  number  and  shorter  in 
length.  Together,  these  data  further  establish  the  involve¬ 
ment  of  endothelial  PECAM-1  in  the  formation  of  vessels 
and  suggest  that  in  vivo,  PECAM-1  may  stimulate  endo¬ 
thelial  cell  motility  by  promoting  the  formation  of  filopodia. 

A  role  for  PECAM-1  during  in  vivo  angiogenesis  was 
initially  established  by  studies  demonstrating  that  anti- 
PECAM-1  antibody  treatment  inhibited  corneal  neovas¬ 
cularization  induced  by  angiogenic  implants,15  vascu¬ 
larization  of  subcutaneous  Matrigel  plugs,15  and  tumor 
angiogenesis.15-17  The  availability  of  PECAM-1-null 
mice19  has  provided  the  opportunity  to  further  explore  the 
activity  of  PECAM-1  during  in  vivo  angiogenesis.  These 
PECAM-1-deficient  mice  are  viable,  suggesting  that  vas¬ 
cular  development  in  the  absence  of  PECAM-1  is  suffi- 
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Figure  10.  Postnatal  retinal  vascularization.  Shown  is  the  leading  edge  of  the 
developing  retinal  vasculature,  stained  by  fluorescein  isothiocyanate-labeled 
isolectin-B  in  wild-type  (A,  C,  E),  and  PECAM-l-null  mice  (B,  D,  F).  The 
density  and  complexity  of  the  vascular  plexus  were  greater  in  the  wild-type 
(A)  compared  with  the  PECAM-1 -deficient  mice  (B)  (see  Table  2).  Long 
filamentous  filopodia  extending  from  the  endothelial  tip  cells  of  the  angio¬ 
genic  sprouts  were  observed  in  the  wild-type  mice  (C  and  E,  white  arrows), 
while  the  angiogenic  sprouts  of  the  retinal  vasculature  from  the  PECAM-l- 
null  mice  (D  and  F,  red  arrows)  were  more  blunt  ended  and  displayed  few 
of  the  filamentous  filopodial  projections. 

cient  to  allow  for  adequate  embryogenesis.  As  a  result, 
only  a  limited  number  of  studies  to  date  have  investigated 
the  formation  of  blood  vessels  in  PECAM-1 -null  mice.  We 
found  that  the  vascularization  of  subcutaneous  Matrigel 
implants  (Figure  1 )  and  two  subcutaneous  tumors  (Figure 
3)  were  reduced  in  PECAM-1 -deficient  mice.  These  find¬ 
ings  are  consistent  with  that  of  Solowiej  and  associates 
who  noted  an  impaired  angiogenic  response  in  a  model 
of  foreign  body-induced  chronic  inflammation.27  To¬ 
gether,  these  data  point  to  a  role  for  PECAM-1  in  patho¬ 
logical  angiogenesis.  Of  note,  while  the  vessels  invading 


Table  2.  Quantitation  of  the  Vascularization  of  the 
Developing  Postnatal  Mouse  Retina 


Number  of 

Number  of 

Mean  retinal  area 
enclosed  within  a 

Mouse 

branch 

capillary 

capillary  loop 

strain 

points/mm2 

loops/mm2 

(ju,m2) 

Wild-type 

349  ±  31 

373  ±  22 

2133  ±  76 

PECAM-1-null 

221  ±  11* 

235  ±  13* 

3686  ±  186* 

The  number  of  retinal  vessel  branch  points/mm2  (n  =  6-8)  and 
closed  capillary  loops/mm2  (n  =  6-8),  as  well  as  the  mean  retinal  area 
(g,m2)  enclosed  within  a  closed  capillary  loop  (n  =  9-12),  were 
determined  for  wild-type  and  PECAM-1-null  mice  (*P  <  0.0001). 


the  Matrigel  implants  in  the  wild-type  animals  were  large 
and  tortuous,  the  invading  vessels  in  the  PECAM-1 -defi¬ 
cient  mice  were  smaller  in  caliber  and  less  irregular  (Fig¬ 
ure  2).  These  PECAM-1 -null  vessels  were  also  less  leaky 
(data  not  shown).  This  suggests  that  the  loss  of  PE- 
CAM-1,  independent  of  any  impairment  in  endothelial 
motility  (see  below),  leads  to  a  “normalization”  of  blood 
vessels.  It  has  been  proposed  that  antiangiogenic  agents 
may  enhance  the  tumoricidal  actions  of  cytotoxic  drugs 
by  “normalizing”  the  tumor  vasculature  in  a  way  that 
allows  for  sustained  drug  delivery.52  This  raises  the  pos¬ 
sibility  that  PECAM-1  antagonists  may  serve  as  effective 
adjuvant  cancer  agents  (see  below). 

We  also  noted  that  the  initial  postnatal  vascularization 
of  the  murine  retina  was  impaired  in  the  PECAM-1-null 
mice  (Figure  10).  These  data  confirm  the  findings  of 
DiMaio  et  al  who  have  also  studied  postnatal  retinal  vas¬ 
culature  development  in  PECAM-1 -deficient  mice.28  The 
vascular  pattern  and  density,  however,  were  similar  in 
wild-type  and  PECAM-1 -null  adult  mice  (data  not  shown), 
suggesting  that  the  loss  of  PECAM-1  delays  but  does  not 
prevent  the  eventual  normal  development  of  the  retinal 
vasculature.  These  findings  are  similar  to  what  was  ob¬ 
served  for  murine  postnatal  lung  development,  where 
lung  alveolarization  was  delayed  in  the  PECAM-1 -defi¬ 
cient  mice  (due  to  presumed  impairments  in  angiogene¬ 
sis)  but  had  substantially  recovered  by  the  time  the  mice 
reached  adulthood.26  These  data  further  implicate  PE- 
CAM-1  in  postnatal  vascular  developmental  processes 
such  as  those  that  might  be  occurring  in  the  eyes  and 
lungs.  However,  in  a  model  of  dermal  wound  healing  we 
have  found  that  the  rate  of  wound  closure  and  the  extent 
of  wound  angiogenesis  were  similar  in  wild-type  and 
PECAM-1-null-mice  or  in  mice  treated  with  control  IgG  or 
anti-PECAM-1  antibody  (data  not  shown).  These  data  are 
consistent  with  the  finding  that  anti-human  PECAM-1  an¬ 
tibody  treatment  did  not  inhibit  wound  angiogenesis  in 
human  skins  grafted  onto  SCID  mice.53  This  suggests 
that  the  involvement  of  PECAM-1  in  blood  vessel  forma¬ 
tion  may  depend  on  the  tissue  context  and  angiogenic 
stimulus. 

PECAM-1  is  expressed  not  only  on  ECs  but  also  on 
bone  marrow-derived  cells  such  as  recruited  leukocytes, 
tissue  macrophages,  and  circulating  endothelial  progen¬ 
itor  cells,  which  also  participate  in  angiogenesis.43-48 
The  absence  of  PECAM-1  on  these  bone  marrow-derived 
cells,  in  addition  to  the  loss  of  PECAM-1  on  ECs,  could 
contribute  to  the  altered  angiogenic  phenotype  of  the 
PECAM-1-deficient  mice.  The  inability  of  wild-type  PE- 
CAM-1 -expressing  leukocytes  and/or  bone  marrow-de¬ 
rived  endothelial  progenitor  cells  to  restore  the  wild-type 
phenotype  in  the  PECAM-1 -null  animals  (WTBM-KOEC) 
provides  strong  evidence  for  the  endothelial  involvement 
of  PECAM-1  during  in  vivo  angiogenesis  (Figure  4). 

We  have  previously  reported  that  anti-human  PE- 
CAM-1  antibody  inhibits  the  cell  migration  of  HUVEC,17 
while  expression  of  human  PECAM-1  in  non-PECAM-1- 
expressing  cell  lines  promotes  cell  motility.17,18  Our  find¬ 
ing  that  the  loss  or  antibody  antagonism  of  murine  PE- 
CAM-1  inhibits  the  motility  of  murine  ECs  (Figure  5)  is 
therefore  consistent  with  the  results  of  these  earlier  stud- 
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ies  of  human  PECAM-1 .  The  data  presented  here  are  also 
in  agreement  with  studies  of  murine  kidney  ECs,  which 
demonstrated  that  the  absence  of  PECAM-1  caused 
these  cells  to  be  less  migratory.54 

The  mechanism  of  PECAM-1  's  involvement  in  endothe¬ 
lial  motility  has  been  the  subject  of  previous  investiga¬ 
tions.18  These  studies  have  suggested  that  the  angio¬ 
genic  activation  of  ECs  results  in  PECAM-1  tyrosine 
phosphorylation  and  the  binding  of  the  SHP-2  phospha¬ 
tase  to  PECAM-1.  This  interaction  results  in  the  recruit¬ 
ment  of  SHP-2  to  the  cell  membrane,  where  it  mediates 
the  dephosphorylation  of  focal  adhesion  proteins  such  as 
paxillin  and  vinculin.  These  dephosphorylation  events  in 
turn  stimulate  the  disassembly  and  turnover  of  focal  ad¬ 
hesions  and  thus  promote  endothelial  cell  motility.  The 
data  presented  in  this  report  suggest  that  PECAM-1  may 
enhance  endothelial  motility  by  also  promoting  the  forma¬ 
tion  of  filopodia,  a  feature  of  actively  motile  cells.29,30  As 
noted  above,  we  found  that  the  loss  of  PECAM-1  in  mu¬ 
rine  ECs  or  HUVEC  inhibited  the  initial  formation  of  filopo- 
dial  protrusions,  while  the  expression  of  PECAM-1  in  a 
non-PECAM-1  cell  line  stimulated  filopodia  formation 
(Figures  6-8).  Our  data  are  consistent  with  the  finding 
that  PECAM-1  -null  platelets  were  impaired  in  their  capac¬ 
ity  to  extend  filopodia.55  However,  an  earlier  report  by 
Gratizinger  and  associates  found  that  re-expression  of 
human  PECAM-1  in  a  transformed,  PECAM-1-null,  mouse 
endothelial  cell  line  suppressed  the  formation  of  filopo¬ 
dia.56  The  reasons  for  the  differences  between  our  study 
and  this  earlier  report  are  unclear,  but  may  reflect  differ¬ 
ences  in  the  cell  lines  that  were  used. 

Further  evidence  for  the  involvement  of  PECAM-1  in 
the  formation  of  filopodia  comes  from  the  fact  that  ECs  at 
the  tips  of  the  developing  retinal  vasculature  in  the  PE- 
CAM-1 -deficient  mice  were  notable  for  a  paucity  of  long 
filopodial  projections  (Figure  10).  With  respect  to  this 
observation,  we  would  note  that  Dimaio  et  al  in  their  study 
of  retinal  vascular  development  did  not  detect  a  signifi¬ 
cant  difference  between  wild-type  and  PECAM-1-null 
mice  in  the  number  of  endothelial  tip  cell  filopodia  in  the 
developing  retina.28  The  reasons  for  this  difference  be¬ 
tween  our  study  and  theirs  are  not  clear,  but  may  be  due 
in  part  to  different  methods  used  to  stain  the  vasculature. 

Filopodia  probe  and  sense  for  chemicals  in  the  peri¬ 
cellular  environment,  act  as  hubs  for  signal  transduction, 
and  mediate  attachment  to  the  extracellular  matrix,  pro¬ 
cesses  that  are  all  integral  to  directed  cell  migration29,30 
It  is  therefore  not  surprising  that  a  molecule  such  PE- 
CAM-1  that  stimulates  the  formation  of  filopodia  also  pro¬ 
motes  EC  motility.  We  have  also  observed  that  PECAM-1 
not  only  promotes  filopodia  formation  but  concentrates  at 
the  tips  of  filopodial  protrusions  (data  not  shown),  a  find¬ 
ing  that  has  been  reported  for  other  cell  adhesion  and 
surface  molecules  such  as  VEGF  receptor,  cadherins, 
and  integrins. 42,57  The  specific  mechanisms  by  which 
PECAM-1  enhances  the  formation  of  filopodia  remain  to 
be  determined  but  are  the  subject  of  ongoing  investiga¬ 
tion.  We  have,  however,  found  that  two  anti-PECAM-1 
antibodies  that  block  PECAM-1 -dependent  heterophilic 
binding  also  inhibit  filopodia  formation  by  subconfluent 
HUVEC  (Table  1).  This  suggests  that  PECAM-1-depen- 


dent  heterophilic  ligand  interactions2,6  with  constituents 
of  the  extracellular  matrix  may  be  involved  in  the  stimu¬ 
lation  of  filopodia  formation  by  PECAM-1,  although  the 
existence  of  these  interactions  has  been  questioned  4 
Small  GTPases  of  the  Rho  superfamily  (RhoA,  Racl ,  and 
Cdc42)  have  been  linked  to  actin  cytoskeletal  remodeling 
and  morphological  changes  involved  in  cell  motility,  with 
Cdc42  implicated  in  the  formation  of  filopodia.31-35  Our 
data  indicating  that  the  protein  levels  of  Cdc42  are  in¬ 
creased  in  cells  expressing  PECAM-1  (Figure  9)  are  there¬ 
fore  consistent  with  a  role  for  PECAM-1  in  the  formation  of 
filopodia.  The  mechanisms  by  which  PECAM-1  regulates 
Cdc42  expression  are  currently  being  investigated. 

The  findings  of  this  study  (Figure  3),  as  well  as  that  of 
previous  reports  using  antibody  inhibition  of  PECAM-1,16,17 
raise  the  possibility  of  PECAM-1  as  a  potential  target  for 
cancer  therapy  58  Not  only  does  the  loss  or  inhibition  of 
PECAM-1  function  block  tumor  growth  and  angiogenesis, 
it  also  may  act  to  normalize  pathological  vessels  (Figure 
2),  an  activity  that  facilitates  the  efficacy  of  antitumor 
agents.52  Anti-PECAM-1  therapy  is  likely  to  be  well  toler¬ 
ated,  since  the  absence  of  PECAM-1  does  not  result  in  a 
lethal  vascular  phenotype,19  deleterious  effects  have  not 
been  noted  in  animals  treated  with  anti-PECAM-1  anti¬ 
bodies,15-17  and  the  absence  of  PECAM-1  function  does 
not  appear  to  prevent  or  inhibit  dermal  wound  healing 
(see  above).  However,  given  its  potential  role  in  protect¬ 
ing  against  endotoxic  and  apoptotic  stresses24,25  and  as 
a  mediator  of  leukocyte  recruitment 20-23  human  clinical 
trials  will  be  required  to  establish  the  ultimate  safety  of 
therapy  targeted  against  PECAM-1 .  In  this  regard,  further 
studies  with  the  goal  of  specifically  defining  the  role  of 
PECAM-1  as  a  facilitator  of  endothelial  cell  motility  will  be 
very  important. 
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Filopodia  are  an  important  feature 
of  actively  motile  cells,  probing  the 
pericellular  environment  for  chemotactic 
factors  and  other  molecular  cues  that 
enable  and  direct  the  movement  of  the 
cell.  They  also  act  as  points  of  attach¬ 
ment  to  the  extracellular  matrix  for  the 
cell,  generating  tension  that  may  act  to 
pull  the  cell  forward  and/or  stabilize  the 
cell  as  it  moves.  Endothelial  cell  motil¬ 
ity  is  a  critical  aspect  of  angiogenesis, 
but  only  a  limited  number  of  molecules 
have  been  identified  as  specific  regula¬ 
tors  of  endothelial  cell  filopodia.  Recent 
reports,  however,  provide  evidence  for 
the  involvement  of  PECAM-1,  an  endo¬ 
thelial  cell  adhesion  and  signaling  mol¬ 
ecule,  in  the  formation  of  endothelial  cell 
filopodia.  This  Commentary  &  View 
will  focus  on  these  studies  and  their 
suggestion  that  at  least  two  PECAM-1- 
regulated  pathways  are  involved  in  the 
processes  that  enable  filopodial  protru¬ 
sions  by  endothelial  cells.  Developing  a 
more  complete  understanding  of  the  role 
of  PECAM-1  in  mediating  various  endo¬ 
thelial  cell  activities,  such  as  the  exten¬ 
sion  of  filopodia,  will  be  essential  for 
exploiting  the  therapeutic  potential  of 
targeting  PECAM-1. 

The  regulated  polymerization  of  actin  fila¬ 
ments  result  in  two  morphologically  dis¬ 
tinct  protrusive  structures,  lamellipodia 
and  filopodia,  at  the  leading  edge  of  motile 
cells.1  The  lamellipodia  are  thin  (thickness, 
0.1— 0.2  p.m)  fan-like  projections  com¬ 
posed  of  a  branched  network  of  actin.2'3 
In  contrast,  filopodia  are  slender,  finger¬ 
like  extensions  (diameter,  0. 1-0.3  |xm), 
often  emanating  from  lamellipodia,  made 


up  of  tight  bundles  of  actin  filaments.4,5 
With  respect  to  directed  cell  migration, 
filopodia  are  particularly  important,  prob¬ 
ing  and  sensing  the  pericellular  environ¬ 
ment  for  chemotactic  and  other  molecular 
cues  in  the  extracellular  matrix  (ECM) 
that  guide  the  direction  and  movement  of 
the  cell.  They  also  act  as  points  of  attach¬ 
ment  to  the  ECM  for  the  cell,  generating 
tension  that  may  act  to  pull  the  cell  for¬ 
ward  and/or  stabilize  the  cell  as  it  moves. 
Given  these  roles,  it  is  not  surprising  that 
filopodia  contain  diverse  receptors  for 
ECM  proteins  and  an  array  of  signaling 
molecules. 

The  formation  of  new  vessels  typically 
involves  the  initial  outward  proliferation 
and  migration  of  endothelial  cells  (ECs) 
from  a  pre-existing  vasculature.6’7  The  tips 
of  these  angiogenic  sprouts  are  made  up  of 
highly  polarized  ECs,  characterized  by  the 
presence  of  numerous,  long,  filopodia,  that 
probe  the  environment,  directing  the  cell 
toward  angiogenic  factors.8  Surprisingly, 
our  understanding  of  the  processes  that 
regulate  the  formation  of  these  cellular 
protrusions  in  ECs  is  still  incomplete. 
Of  note,  only  a  limited  number  of  mol¬ 
ecules  have  been  identified  as  specifically 
involved  in  the  formation  of  endothelial 
filopodia.  These  include  VEGF  receptors 
and  the  neuroplins.9,10  Recent  reports, 
however,  from  our  group  provide  evidence 
of  a  role  for  PECAM-1  as  a  regulator  of 
filopodia  formation  in  ECs.11,12 

PECAM-1  is  a  vascular- associated  mol¬ 
ecule  of  the  Ig  superfamily  expressed  on 
leukocytes  and  platelets  as  well  as  ECs, 
where  it  is  enriched  at  intercellular  junc¬ 
tions.13'16  PECAM-1  consists  of  a  574 
amino  acid  extracellular  region  organized 
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into  six  cystine  linked  Ig-like  domains,  a 
19  amino  acid  transmembrane  domain, 
and  a  118  amino  acid  cytoplasmic  tail.17  It 
was  initially  identified  as  an  adhesion  mol¬ 
ecule  capable  of  binding  interactions  with 
itself  or  with  a  number  of  non-PEC  AM- 1 
molecules,  including  heparin  contain¬ 
ing  proteoglycans.18'22  However,  subse¬ 
quent  studies  led  to  the  recognition  that 
PEC  AM- 1  also  participates  in  intracellu¬ 
lar  signaling.13"16  Although  it  does  not  have 
any  intrinsic  catalytic  activity,  the  cyto¬ 
plasmic  domain  of  PECAM-1  contains 
two  tyrosine  residues  (Y663  and  Y68 6) 
that  each  fall  within  a  conserved  signaling 
sequence  known  as  the  immunoreceptor 
tyrosine-based  inhibitory  motif  (ITIM).23 
Phosphorylation  of  these  two  tyrosine  res¬ 
idues  in  PECAM-1  creates  docking  sites 
for  the  binding  and  activation  of  several 
cytosolic  signaling  molecules  containing 
src  homology-2  (SH2)  domains.  Included 
among  the  SH2-containing  molecules  that 
associate  with  PECAM-1  are  the  protein 
tyrosine  phosphatases,  SHP-1  and  SHP- 
2, 24-31  the  inosital  phosphatase,  SHIP31  and 
phospholipase  C-y.31  PECAM-1  may  also 
associate  with  phosphoinositide  3-kinase32 
and  (3-  or  y-catenin.33,34  The  ability  of 
PECAM-1  to  bind  to  these  various  cyto¬ 
solic  molecules  enables  it  to  potentially 
modulate  the  activity  of  a  number  of  intra¬ 
cellular  signaling  pathways. 

With  respect  to  its  endothelial  cell  func¬ 
tions,  PECAM-1  regulates  leukocyte  tran- 
sendothelial  migration,35  protects  against 
endotoxic  and  apoptotic  or  stresses,36,37 
and  contributes  to  the  molecular  sens¬ 
ing  of  fluid  sheer  stress. 16,38  PECAM-1  is 
also  involved  in  angiogenesis.  The  ini¬ 
tial  evidence  for  this  came  from  studies 
demonstrating  that  anti-PECAM-1  anti¬ 
bodies  inhibit  corneal  neovasculariza¬ 
tion  induced  by  angiogenic  implants,39 
vascularization  of  subcutaneous  Matrigel 
plugs39  and  tumor  angiogenesis.40,41 
Subsequent  studies  in  PECAM-l-null 
mice42  have  helped  to  confirm  and  further 
refine  our  understanding  of  the  involve¬ 
ment  of  PECAM-1  in  blood  vessel  forma¬ 
tion.  PECAM-l-deficient  mice  are  viable, 
suggesting  that  vascular  development  is 
sufficiently  preserved  in  the  absence  of 
PECAM-1  to  permit  adequate  embryo- 
genesis.  However,  the  angiogenic  response 
in  a  model  of  foreign  body-induced 
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chronic  inflammation43  and  the  vascular¬ 
ization  of  subcutaneous  Matrigel  implants 
and  subcutaneous  tumors  are  inhibited 
in  PECAM-l-null  mice.11  In  addition, 
post-natal  lung  development  (a  process 
dependent  on  angiogenesis)  and  the  initial 
post-natal  vascularization  of  the  murine 
retina  are  impaired  in  PECAM-l-deficient 
mice.11,44  Significantly,  the  vascular  pat¬ 
tern  and  density  in  the  eyes  and  lungs  are 
similar  in  wild  type  and  PECAM-l-null 
adult  mice  (unpublished  observations), 
suggesting  that  the  loss  of  PECAM-1 
delays,  but  does  not  prevent  the  eventual 
development  of  the  retinal  or  pulmonary 
vasculature.  Together,  these  data  implicate 
PECAM-1  in  pathological  angiogenesis, 
as  well  as  in  post-natal  vascular  develop¬ 
mental  processes,  such  as  those  occurring 
in  the  eyes  and  lungs. 

One  of  the  mechanisms  of  PECAM- 
l’s  involvement  in  blood  vessel  formation 
appears  to  be  an  ability  to  stimulate  endo¬ 
thelial  cell  motility.11,41,45'47  Support  for 
this  conclusion  comes  from  studies  which 
have  shown  that  anti-PECAM-1  antibod¬ 
ies  inhibit  the  migration  of  murine  and 
human  ECs;11,41  endothelial  cells  from 
PECAM-l-deficient  mice  are  less  motile 
compared  to  their  wild  type  counter¬ 
parts;11,46  and  the  expression  of  PECAM-1 
in  non-PECAM-1  expressing  cells 
enhances  cell  motility.12,41,45'47  This  activ¬ 
ity  in  stimulating  cell  motility  appears  to 
involve  the  dephosphorylation  of  paxillin 
by  the  SHP-2  phosphatase.12,47 

Its  involvement  in  angiogenesis  and 
endothelial  cell  motility  led  to  an  explo¬ 
ration  of  whether  PECAM-1  might  also 
play  a  role  in  the  formation  of  endothelial 
cell  filopodia.11  Under  various  conditions 
it  was  observed  that  filopodia  were  more 
numerous  and/or  longer  in  length  in:  (i) 
wild  type  versus  PECAM-l-null  murine 
ECs;  (ii)  control  HUVEC  compared  to 
HUVEC  treated  with  PECAM-1  siRNA 
and  (iii)  cell  transfectants  expressing 
human  PECAM-1  versus  non-transfected 
controls.  The  significance  of  these  in  vitro 
data  was  confirmed  by  the  finding  that  the 
length  and  number  of  filopodial  exten¬ 
sions  from  ECs  at  the  leading  edge  of  the 
developing  retinal  vascular  plexus  were 
suppressed  in  PECAM-l-null  mice.11  The 
concentration  of  PECAM-1  in  the  tips  of 
endothelial  filopodia  (Fig.  1,  unpublished 
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observation)  is  similar  to  what  has  been 
reported  for  VEGFR-2  (reviewed  in 
ref.  9),  and  is  consistent  with  a  role  for 
PECAM-1  in  the  formation  of  these  cel¬ 
lular  protrusions.  PECAM-1  thus  repre¬ 
sents  a  new  addition  to  a  relative  short  list 
of  molecules  that  have  been  identified  as 
specific  regulators  of  endothelial  filopodia 
formation. 

These  data  may  help  in  part  to  explain 
the  vascular  phenotype  of  the  PECAM-l- 
null  mice.42  If  PECAM-1  is  understood  as 
increasing  both  the  length  and  number 
of  endothelial  filopodia,  then  its  pres¬ 
ence  enables  the  endothelial  cell  to  more 
quickly  and/or  more  efficiently  assess  the 
pericellular  matrix  environment  for  che- 
motactic  or  other  pro-migratory  factors. 
In  this  way,  rather  than  being  essential 
for  cell  migration,  PECAM-1  facilitates 
the  process  by  promoting  the  efficiency 
of  endothelial  cell  motility.  This  might 
account  for  why  the  loss  of  PECAM-1 
does  not  compromise  the  formation  of  the 
vasculature  in  the  embryo  and  delays,  but 
does  not  arrest,  post-natal  vascular  devel¬ 
opment  in  the  eyes  and  lungs. 

Although  the  specific  mechanisms  by 
which  PECAM-1  promotes  the  formation 
of  filopodia  remain  to  be  determined,  and 
are  the  subject  of  ongoing  studies,  both 
published  and  unpublished  data  are  sug¬ 
gestive  of  some  possible  processes.  First, 
PECAM-1  antibodies  that  block  hetero- 
philic  (non-PECAM-1)  ligand  binding 
interactions  inhibit  flipopdia  formation 
by  subconfluent  HUVEC.11  This  sug¬ 
gests  that  in  the  context  of  an  angiogenic, 
motile  endothelial  cell,  PECAM-1  hetero- 
philic  binding  interactions  with  matrix 
proteins  (e.g.,  proteoglycans)  may  trans¬ 
duce  signals  that  activate  the  formation 
of  the  bundled,  parallel  arrays  of  actin 
that  provide  structural  support  for  the 
filopodia. 

Second,  the  expression  of  PECAM-1 
in  cellular  transfectants  stimulates  the 
formation  of  filopodial  extensions  and 
wound-induced  migration,  processes  that 
are  both  associated  with  increased  ERK 
activation.12  These  phenomena  are  inhib¬ 
ited  by  mutations  of  Y663  and  Y686  in  the 
cytoplasmic  domain  that  lead  to  a  loss  of 
the  ability  of  PECAM-1  to  bind  SHP-2.47 
They  are  also  suppressed  by  molecu¬ 
lar  or  pharmacological  inhibition  of  the 
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Figure  1.  Concentration  of  PECAM-1  in  endothelial  filopodia.  Shown  is  an  endothelial  cell  that  was  immunofluorescently  stained  for  PECAM-1  (A)  and 
VEGFR-2  (B).  PECAM-1  and  VEGFR-2  are  noted  to  concentrate  in  the  tips  of  selected  filopodia  (arrows). 


catalytic  activity  of  the  SHP-2  phospha¬ 
tase.2  Both  cell  motility  and  filopodia  are 
downstream  consequences  of  ERK  acti¬ 
vation.48,49  Further,  SHP-2  dephosphory¬ 
lation  of  paxillin,  with  the  subsequent 
activation  of  src  kinase,  is  one  mecha¬ 
nism  for  the  activation  of  ERK.50,51  Our 
data  therefore  suggest  that  the  stimula¬ 
tion  of  filopodia  formation  mediated  by 
PECAM-1  involves  SHPJ^mediated  acti¬ 
vation  of  ERK. 

Lastly,  the  presence  of  PECAM-1 
increases  the  expression  of  Cdc42  in 
murine  ECs  and  in  PECAM-l-expressing 
transfectants.11  This  is  not  surprising 
given  the  abundance  of  data  linking  this 
Rho-GTPAse  to  the  formation  of  filopo¬ 
dia.51'54  It  is  important  to  note,  however, 
that  PECAM-1  is  expressed  at  persis¬ 
tently  high  levels  on  ECs17  and  thus  acute 
increases  in  PECAM-1  levels  are  unlikely 
to  directly  mediate  an  increase  in  Cdc42 
expression  during  angiogenesis.  This 
therefore  suggests  that  if  PECAM-1  regu¬ 
lates  Cdc42  expression  during  angiogen¬ 
esis,  this  activity  involves  changes  in  the 
activational  state  PECAM-1  and/or  its 
interaction  with  other  molecules  involved 
in  the  regulation  of  Cdc42.  In  addition, 
although  disturbance  of  the  PECAM-1- 
SHP-2  interaction  suppresses  PECAM-1- 
dependent  filopodia  formation,  this  does 
not  alter  the  expression  of  Cdc42  (unpub¬ 
lished  data).  Together,  these  data  suggest 
that  (i)  the  influence  of  PECAM-1  on 
Rho  GTPases  in  filopodia  formation  is 
likely  to  involve  or  impact  more  than  just 
changes  in  the  expression  levels  of  Cdc42 
and  (ii)  filopodia  formation  mediated  by 
PECAM-1  includes  pathways  that  are 
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dependent  as  well  as  independent  of  SHP- 
2-regulated  ERK  activation. 

The  data  generated  to  date  are  admit¬ 
tedly  descriptive  in  a  number  of  respects, 
and  the  mechanisms  of  PECAM-l’s 
activity  as  a  regulator  of  endothelial  filo¬ 
podia  are  still  being  defined.  Studies, 
however,  of  PECAM-1 -transfectants 
suggest  a  dynamic  interaction  between 
PECAM-1  and  SHP-2  in  which  the  level 
of  PECAM-1  tyrosine  phosphorylation, 
and  thus  SHP-2  binding,  are  regulated  by 
bound,  catalytically- active  SHP-2.12  Based 
on  these  data,  along  with  what  was  noted 
above,  we  suggest  the  following  working 
model  for  the  involvement  of  PECAM-1 
in  the  formation  of  filopodia  (Fig.  2).  In 
the  setting  of  post-natal  developmental 
angiogenesis,  or  during  certain  forms  of 
pathological  angiogenesis,  PECAM-1  on 
angiogenic  and/or  motile  endothelial  cells 
is  tyrosine  phosphorylated.  These  phos¬ 
phorylation  events  occur  either  in  response 
to  angiogenic  growth  factor  stimulation  or 
are  a  result  of  the  binding  of  PECAM-1 
to  matrix  proteins  elaborated  in  the  angio¬ 
genic  context.  PECAM-1  phosphorylation 
subsequently  induces  the  binding  of  SHP-2 
to  PECAM-1  and  thus  its  recruitment  to 
the  cell  membrane.  We  propose  that  this 
binding  interaction  with  PECAM-1  acti¬ 
vates  the  phosphatase  activity  of  SHP-2, 
with  the  activated  SHP-2  dephosphorylat- 
ing  the  PECAM-1  molecule  to  which  it  is 
bound.  This  leads  to  the  release  of  SHP-2 
from  PECAM-1.  The  liberated,  but  now 
membrane  localized  SHP-2  in  turn  targets 
paxillin,  dephosphorylating  it,  to  activate 
Src  and  eventually  ERK-dependent  sig¬ 
naling.  One  of  the  many  consequences 
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of  ERK  activation  that  might  be  relevant 
to  PECAM-l-dependent  filopodia  forma¬ 
tion  could  be  the  activation  of  myosin 
light  chain  kinase  and  the  subsequent 
phosphorylation  of  the  light  chains  of 
actin-associated  myosins.49  Additionally, 
in  processes  that  do  not  appear  to  directly 
involve  SHP-2 -mediated  ERK  signal¬ 
ing,  and  which  are  poorly  understood, 
PECAM-1  is  involved  in  the  regulation  of 
Cdc42  expression.  Studies  are  underway 
to  evaluate  the  validity  of  this  model. 

The  involvement  of  PECAM-1  in 
pathological  angiogenesis  has  raised  the 
possibility  of  PECAM-1  as  a  future  tar¬ 
get  for  anti-cancer  therapy.55  The  appeal 
of  PECAM-1  is  further  enhanced  by  the 
fact  that  loss  of  PECAM-1  does  not  cause 
a  debilitating  vascular  phenotype42  and 
significant  vascular-related  side  effects 
have  not  been  observed  in  mice  treated 
with  anti-PECAM-1  antibodies.39'41  This 
suggests  that  anti-PECAM-1  therapy  is 
likely  to  be  well  tolerated.  However,  the 
involvement  of  PECAM-1  in  the  traf¬ 
ficking  of  white  cells35  and  in  providing 
resistance  to  endotoxic  and  apoptotic 
stresses36,37  means  that  consideration  must 
still  be  given  to  the  potential  for  immu¬ 
nosuppression  and/or  increased  sensitivity 
to  vascular  insults  during  anti-PECAM-1 
therapy.  Consequently,  developing  a  full 
understanding  of  the  role  of  PECAM-1  in 
mediating  endothelial  cell  functions  will 
be  essential  for  exploiting  the  therapeutic 
potential  of  targeting  PECAM-1. 
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Figure  2.  A  proposed  model  for  the  involvement  of  PECAM-1  in  the  formation  of  endothelial  cell  filopodia  during  angiogenesis.  During  pathological 
or  certain  forms  of  developmental  angiogenesis,  angiogenic  factors  and/or  cell-matrix  interactions  stimulate  PECAM-1  tyrosine  phosphorylation. 
These  phosphorylation  events  lead  to  the  binding  of  SHP-2  to  PECAM-1  and  the  activation  of  SHP-2's  phosphatase  activity.  The  activated  SHP-2 
dephosphorylates  the  PECAM-1  molecule  to  which  it  is  bound,  leading  to  its  release  from  PECAM-1.  The  liberated  SHP-2  subsequently  targets  paxillin, 
dephosphorylating  it,  to  trigger  ERK-mediated  activation  of  filopodia  formation.  Also,  in  processes  that  are  still  undefined,  PECAM-1  may  be  involved 
in  the  regulation  of  Cdc42  during  angiogenesis. 
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Most  patients  who  die  from  cancer  succumb  to  treatment-refractory 
advanced  metastatic  progression.  Although  the  early  stages  of 
tumor  metastasis  result  in  the  formation  of  clinically  silent  micro¬ 
metastatic  foci,  its  later  stages  primarily  reflect  the  progressive, 
organ-destructive  growth  of  already  advanced  metastases.  Early- 
stage  metastasis  is  regulated  by  multiple  factors  within  tumor  cells 
as  well  as  by  the  tumor  microenvironment  (TME).  In  contrast,  the 
molecular  determinants  that  control  advanced  metastatic  progres¬ 
sion  remain  essentially  uncharacterized,  precluding  the  develop¬ 
ment  of  therapies  targeted  against  it.  Here  we  show  that  the  TME, 
functioning  in  part  through  platelet  endothelial  cell  adhesion  mole¬ 
cule  1  (PECAM-1),  drives  advanced  metastatic  progression  and  is 
essential  for  progression  through  its  preterminal  end  stage.  PECAM- 
1-KO  and  chimeric  mice  revealed  that  its  metastasis-promoting  ef¬ 
fects  are  mediated  specifically  through  vascular  endothelial  cell  (VEC) 
PECAM-1.  Anti-PECAM-1  mAb  therapy  suppresses  both  end-stage 
metastatic  progression  and  tumor-induced  cachexia  in  tumor-bearing 
mice.  It  reduces  proliferation,  but  not  angiogenesis  or  apoptosis, 
within  advanced  tumor  metastases.  Because  its  antimetastatic  effects 
are  mediated  by  binding  to  VEC  rather  than  to  tumor  cells,  anti- 
PECAM-1  mAh  appears  to  act  independently  of  tumor  type.  A  modi¬ 
fied  3D  coculture  assay  showed  that  anti-PECAM-1  mAb  inhibits  the 
proliferation  of  PECAM-1-negative  tumor  cells  by  altering  the  concen¬ 
trations  of  secreted  factors.  Our  studies  indicate  that  a  complex  inter¬ 
play  between  elements  of  the  TME  and  advanced  tumor  metastases 
directs  end-stage  metastatic  progression.  They  also  suggest  that  some 
therapeutic  interventions  may  target  late-stage  metastases  specifi¬ 
cally.  mAb-based  targeting  of  PECAM-1  represents  a  TME-targeted 
therapeutic  approach  that  suppresses  the  end  stages  of  metastatic 
progression,  until  now  a  refractory  clinical  entity. 

metastasis  |  endothelium  |  tumor  microenvironment 

Tumor  metastasis  requires  that  a  number  of  sequential  steps, 
including  tumor  cell  invasion,  intravasation,  homing,  extrava¬ 
sation,  tumor  neoangiogenesis,  and  proliferation,  each  be  com¬ 
pleted  successfully  (1-4).  Thus,  tumor  metastasis  comprises 
semidiscrete  stages,  in  part  driven  by  distinct  cellular  events.  The 
tumor  microenvironment  (TME),  both  via  direct  interactions  with 
tumor  cells  and  through  paracrine-based  signaling,  plays  an  im¬ 
portant  role  in  controlling  the  early  stages  of  metastatic  spread 
(2-4).  In  contrast,  factors  that  drive  the  progression  of  tumor  me¬ 
tastases  to  a  life-threatening,  preterminal  stage  are  poorly  un¬ 
derstood.  As  in  earlier  stages,  they  likely  involve  molecular 
signaling  between  malignant  cells  and  their  macro-  and  micro¬ 
environments  (1,  5,  6). 

Advanced  metastatic  progression  causes  death  in  most  patients 
who  die  from  cancer.  However,  in  preclinical  models,  novel 
interventions  generally  are  tested  directly  against  locally  in¬ 
jected  tumors  or  against  early-stage,  micrometastatic  spread. 
In  contrast,  models  specifically  examining  the  effects  of  inter¬ 
ventions  against  the  late  stages  of  metastatic  progression  (the 
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lethal,  organ-destructive  growth  of  already  advanced  metastases) 
are  rarely  studied.  Antitumor  interventions  administered  during 
the  advanced  stages  of  metastatic  progression  typically  are 
both  ineffective  and  poorly  tolerated.  Indeed,  key  events  that 
define  the  early  stages  of  metastatic  spread  may  differ  from  those 
driving  advanced  metastatic  progression.  We  hypothesized  that 
testing  novel  interventions  against  the  early  stages  of  metastatic 
spread  may  fail  to  identify  critical  factors  that  selectively  regulate 
the  progressive  growth  of  already  advanced  tumor  metastases. 
Therefore,  our  studies  focused  on  models  assessing  the  pro¬ 
gression  of  already  well-established  tumor  metastases  rather  than 
on  models  assessing  the  early  stages  of  metastatic  spread. 

Platelet  endothelial  cell  adhesion  molecule  1  (PECAM-1)  is 
a  130-kDa  cell  surface  protein  of  the  Ig-like  superfamily,  with  six  Ig- 
like  domains  in  the  extracellular  domain.  It  is  expressed  on  certain 
WBC,  platelets,  and  vascular  endothelial  cells  (VEC)  and  interacts 
homophilically  with  itself  or  heterophilically  with  putative  ligands 
to  tranduce  downstream  inhibitory  signals  via  its  cytoplasmic  do¬ 
main  (7,  8).  PECAM-1  is  involved  in  a  number  of  processes  rele¬ 
vant  to  growth  and  the  spread  of  primary  tumors,  including  an¬ 
giogenesis,  vascular  permeability,  and  leukocyte  trafficking  out  of 
the  circulation  (9, 10).  In  addition,  earlier  studies  have  shown  that 
systemic  delivery  of  an  anti-PECAM-1  ribozyme  suppresses  the 
progression  of  already  established  tumor  metastases  (11).  We 
assessed  the  potential  role  of  PECAM-1  in  regulating  late-stage 
metastatic  progression.  Here,  we  provide  evidence  that  VEC 
PECAM-1  regulates  proliferation  in  advanced  tumor  metastases, 
independent  of  its  activity  as  a  mediator  of  angiogenesis.  Impor¬ 
tantly,  anti-PECAM-1  mAb  demonstrates  potent  antimetastatic 
effects  specifically  against  the  lethal  preterminal  stage  of  metastatic 
progression. 

Results 

Anti-PECAM-1  mAb  Inhibits  Late-Stage  but  Not  Early-Stage  Metastatic 
Tumor  Progression  in  the  Lung.  Several  aggressively  metastatic  tu¬ 
mor  cell  lines,  including  murine  B16-F10  melanoma,  4T1 
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mammary  carcinoma,  and  LOX  human  melanoma,  were  evalu¬ 
ated.  In  particular,  i.v.  injected  B16-F10  cells  yield  highly  re¬ 
producible  numbers  of  tumor  metastases  in  the  lung  as  well  as  in 
extrapulmonary  organs,  including  the  ovaries  (12).  From  days  0-7 
following  i.v.  injection  (early-stage  metastasis),  most  B16-F10 
lung  metastases  remain  small  clusters  containing  <10  cells  each. 
In  contrast,  by  days  12-14  (late-stage  metastasis),  >35%  of  me¬ 
tastases  are  already  >3  mm  in  diameter  (5).  We  used  mAb  390, 
a  bioactive  anti-murine  PECAM-1  mAb  (13),  which  specifically 
binds  to  an  epitope  within  a  14-aa  sequence  of  the  second  Ig-like 
domain  of  mouse  PECAM-1.  mAb390  binds  to  murine  VEC  but 
does  not  bind  to  murine  or  human  tumors  (13).  Furthermore,  it 
does  not  directly  inhibit  tumor  cell  proliferation,  alter  tumor  cell 
adhesion  to  VEC  or  to  platelets,  or  affect  the  transendothelial 
migration  of  tumor  cells  (Fig.  SI  A-E).  To  target  early-  versus 
late-stage  metastasis  selectively,  five  i.v.  doses  of  mAb  390  or 
isotype-control  mAb  were  administered  either  0-7  or  7-15  d  after 
B16-F10  cell  injection.  Anti-PECAM-1  mAb  significantly  (P  < 
0.0001)  decreased  late-stage  but  did  not  affect  early-stage  tumor 
metastases  (Fig.  1  A  and  B ).  The  late-stage-specific  anti-meta¬ 
static  effects  produced  by  mAb  390  are  consistent  with  its  inability 
to  inhibit  either  tumor  cell-platelet  or  tumor-endothelial  cell 
interactions  (Fig.  SI  C-E),  processes  involved  in  the  initial  es¬ 
tablishment  of  distant  metastatic  tumor  foci.  Systemic  anti- 
PECAM-1  mAb  also  significantly  reduced  the  late-stage  meta¬ 
static  progression  of  two  other  aggressively  metastatic  tumor 
lines,  murine  4T1  mammary  carcinoma  (P  <  0.0001)  (Fig.  1C) 
and  human  LOX  melanoma  xenograft  tumors  (P  <  0.005)  (Fig. 
ID),  demonstrating  that  anti-PECAM-1  mAb  therapy  can 
suppress  the  late-stage  metastatic  progression  of  solid  tumor 
types  of  different  tissue  origin.  Anti-PECAM-1  mAb  390  has 
been  shown  to  inhibit  PECAM- 1-dependent  activities  specif¬ 
ically  and  functions  in  a  manner  similar  to  a  number  of  other 
anti-PECAM-1  antibodies  (which  bind  to  epitopes  distinct 
from  mAb  390),  in  a  number  of  in  vitro  and  in  vivo  assays  (8, 
14-16). 

Enhanced  Effectiveness  of  Anti-PECAM-1  mAb  Against  Preterminal 
Metastatic  Disease.  We  next  tested  anti-PECAM-1  mAb  390  spe¬ 
cifically  against  the  preterminal  stage  of  metastatic  progression. 
We  assessed  the  effects  of  administering  one  additional  pre¬ 
terminal  dose  (a  sixth  mAb  dose)  to  mice  already  severely  ill  from 
extensive  B16-F10  tumor  metastases.  This  preterminal  anti- 
PECAM-1  mAb  dose  significantly  reduced  the  percentage  of  lung 
occupied  by  tumor  metastases  [control  group:  34.3  ±  4.2%,  stan¬ 
dard  five-dose  mAb  390  group:  19.6  ±  4.2%  (P  <  0.05  versus 
control);  extended  six-dose  group:  9.0  ±  3.3%  (P  <  0.0001  versus 
control;  P  <  0.05  versus  five-dose  group)]  (Fig.  2  A  andD).  It  also 
reduced  (P  <  0.001)  ovarian  metastases  (Fig.  2C),  indicating  that 


anti-PECAM-1  mAb  therapy  is  systemically  active.  The  pre¬ 
terminal  (sixth  mAb)  dose  also  increased  total  body  weight,  de¬ 
termined  at  the  time  of  sacrifice  (P  <  0.0005),  when  compared  with 
either  mice  not  receiving  the  preterminal  anti-PECAM-l-mAb 
dose  or  control  groups  (Fig.  2D).  Concurrently,  lung  tumor 
weights  were  significantly  reduced  in  the  group  receiving  the 
preterminal  dose,  showing  that  the  preterminal  dose  better  pre¬ 
served  normal  body  weight.  These  results  indicate  that  targeting 
PECAM-1  reduces  tumor-induced  cachexia.  Similarly,  a  pre¬ 
terminal  dose  of  anti-PECAM-1  mAb  390  also  significantly  in¬ 
creased  antimetastatic  efficacy  against  highly  advanced  4T1 
metastases  (Fig.  2 E). 

Anti-PECAM-1  Antibody  Inhibits  Tumor  Cell  Proliferation  but  Not 
Apoptosis  or  Angiogenesis.  To  identify  pathway(s)  through  which 
anti-PECAM-1  mAb  suppresses  preterminal  metastatic  pro¬ 
gression,  its  effects  on  tumor  proliferative,  apoptotic,  and  angio¬ 
genic  rates  were  measured  (Table  1).  Tumor  angiogenic  rates 
were  assessed  by  immunoreactivity  to  anti-von  Willibrand  factor 
(17)  and  to  CD34  (to  assess  immature  angiogenic  endothelium) 
(18-20).  Angiogenic  and  apoptotic  (17)  rates  were  comparable. 
However,  the  preterminal  anti-PECAM-1  mAb  dose  reduced 
tumor  cell  proliferation  (21)  in  highly  advanced  B16-F10  (P  < 
0.005)  tumor  metastases.  Thus,  although  anti-PECAM-1  mAb 
390  reduces  angiogenesis  within  primary  s.c.  tumors  (13),  it  spe¬ 
cifically  suppresses  proliferation  but  has  no  affect  on  angiogenesis 
within  advanced  tumor  metastases.  As  Fig.  2 A  illustrates,  tumor 
metastases  increase  in  size  rapidly  during  the  very  late  stages  of 
metastatic  progression,  indicating  that  these  tumor  cells  are  pro¬ 
liferating  rapidly.  A  single  additional  dose  of  anti-PECAM-1 
mAb  administered  when  metastases  are  both  highly  advanced  and 
rapidly  proliferating  effectively  suppressed  proliferation.  Sup¬ 
pression  of  proliferation  within  advanced  metastases  by  the  pre¬ 
terminal  anti-PECAM-1  mAb  dose  at  least  in  part  explains  its 
marked  reduction  of  advanced  metastatic  burden. 

Decreased  Lung  Metastases  in  PECAM-1-KO  Mice.  Because  B16-F10 
tumor  cells  are  syngeneic  with  PECAM-l-KO  mice  (22),  the 
effects  of  PECAM-1  on  the  metastatic  progression  of  B16-F10 
also  can  be  studied  in  KO  versus  WT  mice.  Therefore,  the  de¬ 
velopment  of  lung  metastases  following  tail  vein  injection  of 
B16-F10  cells  into  WT  versus  PECAM-l-KO  mice  was  assessed 
(22).  Visible  lung  metastases  were  not  detected  in  either  WT  or 
KO  mice  7  d  after  tumor  cell  injection  (Fig.  3 A).  However,  from 
days  10-16  after  tumor  cell  injection,  the  number  of  metastatic 
lung  tumors  (Figs.  3  A  and  B  and  4  A  and  C),  as  well  as  lung 
weight  (Fig.  4 E),  was  markedly  reduced  in  KO  versus  WT  mice. 
Even  more  striking  suppression  was  observed  in  the  size  of 
tumor  nodules.  Suppression  of  metastatic  tumors  also  was 
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Fig.  1.  Anti-PECAM-1  mAb  specifically  suppresses  late-stage 
but  not  early-stage  metastatic  progression.  (. A  and  B)  Groups 
of  C57BL/6  mice  received  25,000  B16-F10  cells  i.v.  (day  0).  (A) 
In  groups  receiving  early-stage  treatment,  each  mouse  re¬ 
ceived  one  i.v.  injection  of  200  (jg  of  anti-PECAM-1  mAb  or 
isotype-control  mAb  on  day  0  and  subsequently  received  one 
mAb  dose  every  other  day  through  day  7  (five  mAb  doses).  ( B ) 
In  groups  receiving  late-stage  treatment,  each  mouse  re¬ 
ceived  one  i.v.  injection  of  200  (jg  anti-PECAM-1  or  isotype 
control  mAb  on  day  7  and  subsequently  received  one  dose 
every  other  day  through  day  15  (five  mAb  doses).  All  mice 
were  euthanized  when  multiple  control  mice  became  mori¬ 
bund.  (C)  BALB/c  mice  received  25,000  4T1  cells  i.v.  (D)  BALB/c 
nude  mice  received  1  x  106  LOX  cells  i.v.  Mice  received  five 
anti-PECAM-1  or  control  mAb  doses  from  days  7-1 5  as  above. 
When  multiple  control  mice  became  moribund,  all  mice  were 
euthanized  and  analyzed.  Values  represent  the  mean  num¬ 
ber  of  lung  metastases  ±  SEM  per  mouse  ( n  =  10).  Potential 
statistical  significance  of  differences  for  A-D  was  assessed 
using  pairwise  two-sided  Student's  t  tests.  *P  <  0.05. 
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Fig.  2.  Preterminal  administration  of  anti-PECAM-1 
mAb  is  highly  effective  against  end-stage  metastatic 
progression.  C57BL/6  mice  received  B16-F10  cells  and 
then  five  doses  (last  dose  on  day  15)  or  six  doses  (last 
dose  on  day  18)  of  anti-PECAM-1  or  isotype  control 
mAb.  All  mice  were  euthanized  when  multiple  control 
mice  became  moribund.  (A)  Representative  lung  sections 
from  mice  treated  with  control  mAb  and  mice  treated 
with  five  or  six  doses  of  anti-PECAM-1  mAb.  Metastases 
stain  grayish-red.  ( B )  Percent  lung  area  occupied  by 
B16-F10  melanoma.  There  were  significant  differences 
among  the  three  treatments  (P  =  0.001  by  Kruskal-Wallis 
rank  test).  Also,  all  pairwise  comparisons  were  signifi¬ 
cantly  different:  five  doses  vs.  none,  P  =  0.02;  six  doses  vs. 
none,  P  =  0.002;  and  five  doses  vs.  six  doses,  P  =  0.02;  all 
pairwise  tests  were  by  Mann-Whitney  rank  test.  (C) 
Mean  number  of  B16-F10  ovarian  metastases.  (D)  Mean 
body  weight  of  animals.  There  were  significant  differ¬ 
ences  among  the  three  treatments  (P  =  0.002  by  Kruskal- 
Wallis  rank  test).  Also,  six  doses  vs.  none  (P  =  0.003)  and 
five  doses  vs.  six  doses  (P  =  0.004)  were  significantly 
different.  All  pairwise  tests  were  by  Mann-Whitney  rank 
test.  (£)  BALB/c  mice  received  25,000  4T1  cells  i.v.  and 
then  received  five  doses  (last  dose  on  day  15)  or  six  doses 
(last  dose  on  day  18)  of  anti-PECAM-1  or  isotype  control 
mAb.  All  mice  were  euthanized  when  multiple  con¬ 
trol  mice  became  moribund.  Values  represent  mean  ± 
SEM  (n  =  10).  In  C  and  E,  potential  statistical  signifi¬ 
cance  of  differences  was  assessed  using  pairwise  two- 
sided  Student's  t  tests.  *P  <  0.05  vs.  control;  +P  <  0.05  vs. 
five  doses. 


demonstrated  in  the  lungs  of  KO  animals  by  H&E  staining  of 
lungs  harvested  15  d  after  tumor  cell  injection  (Fig.  3 B).  Be¬ 
cause  anti-PECAM-1  mAb  was  effective  against  late-  but  not 
against  early-stage  metastases  (Fig.  1 A  and  B ),  we  then  assessed 
more  precisely  whether  early-stage  metastatic  progression  was 
affected  in  PECAM-l-KO  mice.  To  determine  whether  the  early 
stages  of  metastatic  spread  are  controlled  differently  in  PECAM- 
l-KO  versus  WT  mice,  H&E  staining  was  performed  on  lung 
tissue  obtained  at  a  much  earlier  time  point,  4  d  after  i.v.  injection 
of  B16-F10  tumor  cells.  Subclinical  lesions  (<10  cells)  detected  in 
the  walls  of  the  alveoli  at  day  4  (Fig.  3D)  were  similar  in  number 
and  size  in  WT  and  PECAM-l-KO  mice  (Table  SI).  Unlike  the 
marked  differences  between  WT  and  KO  mice  in  the  number 
and  size  of  large,  macroscopic  B16-F10  metastases  (Fig.  3^4  and 
B ),  numbers  of  micrometastatic  foci  were  comparable  in  WT  and 
KO  mice  (Table  SI).  Therefore,  advanced  metastatic  pro¬ 
gression,  but  not  the  early  stages  of  metastatic  spread,  is  sup¬ 
pressed  in  both  PECAM-l-KO  mice  and  WT  mice  receiving 
anti-PECAM-1  mAb.  Taken  together,  these  data  indicate  that 
PECAM-1  plays  an  important  role  in  regulating  the  progression 
of  established  metastases  from  subclinical  metastatic  lesions  to 
macroscopic,  life-threatening  tumor  metastases.  However, 
PECAM-1  appears  uninvolved  in  controlling  the  initial  estab¬ 
lishment  of  metastatic  tumor  foci  or  in  mediating  the  passage  of 
primary  tumor  cells  across  the  vascular  endothelium  (Fig.  SI  C- 
E),  events  critical  to  spread  from  the  primary  tumor  itself. 

Reconstitution  of  PECAM-1-Null  Mice  with  Bone  Marrow  from  WT 
Mice  Does  Not  Restore  the  WT  Phenotype.  Anti-PECAM-1  mAb 
390  does  not  bind  to  tumor  cells  either  in  culture  (Fig.  SL4)  or  in 
tumor-bearing  mice  (13)  whose  late-stage  metastases  it  suppressed. 
Furthermore,  it  does  not  directly  inhibit  tumor  cell  proliferation 
in  vitro  (Fig.  SIB).  To  determine  whether  PECAM-1  expressed  on 
VEC  and/or  bone  marrow-derived  WBC  mediates  its  prometastatic 
effects,  chimeric  mice  were  generated  by  reconstituting  WT  mice 
with  KO  marrow  (PECAM- 1-positive  VEC/PECAM- 1-negative 
platelets  WBC,  designated  WTEC-KOBM)  or  by  reconstituting 


KO  mice  with  WT  marrow  (PECAM- 1-negative  endothelium/ 
PECAM- 1-positive  platelets  WBC,  designated  KOEC-WTBM)  (23). 
Reconstitution  of  WT  animals  with  KO  marrow  did  not  suppress  the 
development  of  metastases,  and  reconstitution  of  KO  mice  with 
marrow  from  WT  mice  did  not  restore  the  WT,  prometastatic 
phenotype  (Fig.  AA-E).  These  data  indicate  that  the  antimetastatic 


Table  1.  Extended  anti-PECAM-1  mAb  therapy  significantly 
reduces  tumor  mitotic  rates,  but  not  tumor  angiogenic  or  tumor 
apoptotic  rates  in  mice  bearing  advanced  tumor  metastases 


B16-F10  Tumor 

tumors  angiogenesis 

Tumor 

apoptosis* 

Tumor 

mitosis* 

Anti-PECAM-1  mAb-treated 

10.6  ±  1.7* 

9.0  ±  3.4 

14.4  ±  1.611 

209.7  ±  44.0s 
Control  mAb-treated 

11.3  ±  2.6* 

10.8  ±  4.0 

21.5  ±  1.7 

191.7  ±  45.9s 

Mice  bearing  metastatic  B16-F10  or  4T1  tumors  were  treated  with  six 
doses  of  either  anti-PECAM-1  or  control  mAb  and  were  euthanized  as  de¬ 
scribed  in  Fig.  1.  Tumor-bearing  lungs  were  removed  and  processed,  and 
tumor  angiogenic,  mitotic,  and  apoptotic  rates  were  measured  as  described 
in  Materials  and  Methods.  The  lack  of  difference  in  tumor  angiogenic  rates 
between  groups  was  confirmed  by  assessing  immunoreactivity  to  CD34.  Po¬ 
tential  statistical  significance  of  differences  was  assessed  using  an  unpaired 
two-tailed  Student  t  test  ( P  <  0.05  vs.  control). 

*Tumor  apoptotic  rates  were  measured  as  described  in  Materials  and 
Methods. 

fTumor  mitosis  counts  were  measured  by  immunoreactivity  to  Ki67  (19). 
*Tumor  angiogenic  rates  measured  by  immunoreactivity  to  factor  VIII-VWF 
(17). 

^Potential  statistical  significance  of  differences  was  assessed  using  a  pairwise 
two-sided  Student's  t  test.  P  <  0.005  versus  control;  values  are  ±  SD. 
§Tumor  angiogenic  rates  measured  by  immunoreactivity  to  CD34  (18). 
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Fig.  3.  Late-stage,  but  not  early- 
stage,  metastatic  progression  of  B16- 
F10  melanoma  tumors  is  suppressed  in 
PECAM-1-KO  mice  versus  WT.  {A) 

Representative  lungs  obtained  from 
WT  and  PECAM-1-KO  animals  7, 10, 13, 
and  16  d  after  i.v.  injection  with  B16- 
F10  melanoma  cells.  Tumor  nodules  are 
not  observed  on  the  surface  of  the 
lung  7  d  after  tumor  injection,  but  are 
readily  visible  in  both  WT  and  PECAM- 
1-KO  mice  by  day  10  (red  arrows).  At  all 
time  points  assessed  after  day  7,  pro¬ 
gression  of  the  size  and  number  of 
tumor  metastases  was  significantly 
suppressed  in  PECAM-1-KO  mice.  ( B ) 

Mean  number  of  tumor  nodules  visible 
on  the  surface  of  the  right  lung  in  WT 
and  PECAM-1-KO  mice  on  days  10,  13, 
and  16.  At  least  40  nodules  were  ana¬ 
lyzed  from  three  mice  for  each  strain. 

Values  are  mean  ±  SEM  (n  =  2  or  3;  P  < 

0.001;  pairwise  two-sided  Student's  t 
test).  A  marked  suppression  in  the 
mean  area  of  these  nodules  was  ob¬ 
served  in  PECAM-1-KO  mice  (day  16: 

WT  1 .14  vs.  PECAM-1-KO  0.26  mm2;  *P 
<  0.05  vs.  WT).  (C)  H&E-stained  lung 
tissues  demonstrating  large  macro¬ 
scopic  nodules  (black  arrows)  were 
greatly  increased  in  number  and  size  in 
the  WT  versus  PECAM-1-KO  mice,  15 
d  after  tumor  cell  injection.  (D)  Small, 

subclinical  lesions  (<10  cells)  detected  * 

in  the  walls  of  the  alveoli  (blue  arrows) 
in  lungs  harvested  4  d  following  tumor 

cell  injection.  Unlike  the  marked  dif-  h  • 

ferences  in  the  number  and  size  of 

large,  macroscopic  B16-F10  metastases  in  WT  and  PECAM-1-KO  mice  ( A  and  B),  the  number  and  size  of  micrometastatic  foci  were  comparable  in  WT  and 
PECAM-1-KO  mice  (Table  SI).  (Scale  bar:  50  pm.) 


wild  Type 


Day  10  Day  13  Day  16 
Day  After  Tumor  Cell  Injection 


PECAM-1  KO 


effects  observed  in  PECAM-l-KO  mice,  and  likely  those  produced 
by  anti-PECAM-1  mAb  390,  are  mediated  by  blocking  VEC 
PECAM-1. 

PECAM-1-Dependent  Paracrine  Factors  Regulate  Tumor  Proliferation. 

We  developed  a  variant  of  a  3D  coculture  system  as  a  model  for 
tumor  cell- VEC  interactions  within  the  tumor  microenvironment. 
Tumor  cells  are  added  to  capillary-like  structures  (CLS)  of  VEC 
already  formed  on  a  basement-membrane  substrate.  VEC  do  not 
divide  once  plated  on  Matrigel  (24).  Although  these  CLS  typically 
regress  within  24-36  h  (24),  adding  tumor  cells  maintained  CLS 
integrity  for  >5  d.  Anti-PECAM-1  mAb,  unlike  control  mAb, 
suppressed  B16-F10  or  4T1  proliferation  by  50-60%  (P  <  0.05)  in 
this  3D  coculture  system  (Fig.  S2),  thus  accurately  recapitulating 
the  proliferation-suppressing  phenotype  it  produced  in  tumor¬ 
bearing  mice  (Table  1).  To  assess  whether  PECAM-1  regulates 
proliferation  via  soluble  mediators,  B16-F10  cells  were  grown  in 
conditioned  medium  from  anti-PECAM-1-  or  control  mAb- 
treated  3D  cocultures.  Anti-PECAM-1  mAb  conditioned  medium 
inhibited  tumor  cell  proliferation  by  >60%  (Movies  SI  and  S2), 
indicating  that  anti-PECAM-1  mAb-regulated  paracrine  factors 
mediate  its  ability  to  suppress  tumor  cell  proliferation.  Anti- 
PECAM-1  mAb  390  therapy  also  inhibits  the  growth  of  primary 
tumors  that  do  not  express  PECAM-1  (13),  consistent  with  its 
ability  to  act,  at  least  in  part,  through  its  regulation  of 
paracrine  factors. 

Lack  of  PECAM-1-Dependent  Cellular  Infiltration  in  Anti-PECAM-1- 
Treated  Tumors.  Multiple  H&E-stained  sections  from  metastatic 
tumors  and  surrounding  tissues  were  examined  to  identify  any 
characteristics  that  might  differentiate  anti-PECAM-1  mAb-treated 
mice  from  control  mice.  None  were  detected.  Tumors  were  exam¬ 


ined  specifically  for  accumulations  of  F4/80  antigen-positive  mac¬ 
rophages  using  immunohistochemistry  (25).  The  presence  of 
macrophages  within  individual  tumor  nodules  varied  from  rare  to 
moderate.  However,  neither  the  pattern  nor  the  extent  of  macro¬ 
phage  infiltration  differed  between  anti-PECAM-1  mAb-treated 
and  control  specimens  (Fig.  S3).  Thus,  although  tumor-infiltrating 
macrophages  may  play  a  role  in  mediating  the  antimetastatic  effects 
produced  by  anti-PECAM-1  mAb,  these  results  suggest  that  this 
role  is  limited.  This  hypothesis  is  supported  by  results  obtained  in  the 
3D  coculture  assay  (in  which  no  macrophages  were  present),  where 
anti-PECAM-1  mAb  exerted  antitumor  and  antiproliferative 
effects  comparable  to  those  it  produced  in  tumor-bearing  mice. 

Discussion 

Although  rarely  studied  in  preclinical  models,  advanced  metastatic 
progression  causes  death  in  the  great  majority  of  patients  who  die 
from  cancer.  Although  the  early  stages  of  tumor  metastasis  result  in 
the  formation  of  clinically  silent  micrometastatic  foci  (2,  4,  6),  its 
advanced  stages  primarily  reflect  the  progressive,  organ-destructive 
growth  of  already  well-established  metastases  (5).  The  molecular 
determinants  that  control  the  end  stages  of  metastatic  progression 
remain  largely  uncharacterized.  Mechanistically,  our  results  sup¬ 
port  the  hypothesis  that  VEC  PECAM-l-regulated  paracrine 
factors  drive  the  lethal  progression  of  advanced  tumor  metastases. 
Anti-PECAM-1  mAb  blocks  this  progression  by  altering  the  re¬ 
lease  of  soluble  factors  that  drive  proliferation  within  these  ad¬ 
vanced  metastases.  This  model  is  supported  by  each  of  the 
following  observations.  Anti-PECAM-1  mAb,  even  at  very  high 
concentrations,  does  not  directly  inhibit  tumor  cell  proliferation  in 
culture.  In  contrast,  conditioned  medium  (which  contains 
PECAM-l-regulated  secreted  factors)  from  mAb  390-treated,  but 
not  from  isotype  control  mAb-treated,  cocultures  strongly  inhibits 
tumor  cell  proliferation  in  culture.  Furthermore,  anti-PECAM-1 
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Fig.  4.  Metastatic  progression  of  B16-F10  melanoma  tumors  in  reciprocal  bone 
marrow  chimeric  mice  reveals  that  VEC  PECAM-1  mediates  its  prometastatic 
effects.  Shown  are  lungs  from  animals  injected  with  B16-F1 0  melanoma  cells.  The 
following  animals  were  studied:  (A)  WT  mice,  (B)  WT  mice  reconstituted  with 
PECAM-1-KO  marrow  (WTec-KOBm,),  (O  PECAM-1-KO  mice,  and  (D)  PECAM-1- 
KO  mice  reconstituted  with  WT  marrow  (KOEC-WTBM).  (£)  Lung  weights  differed 
significantly  among  the  four  strains  (*P=  0.03  by  Kruskal-Wallis  rank  test).  Lung 
weights  were  significantly  decreased  in  the  PECAM-1-KO  mice  and  PECAM-1- 
KO  mice  reconstituted  with  WT  marrow.  Lung  weights  were  significantly  re¬ 
duced  in  the  KO  mice  and  KO  mice  reconstituted  with  WT  marrow  vs.  WT  mice 
and  WT  mice  reconstituted  with  KO  marrow.  Also,  the  pairs  WT  vs.  KO  and  WT- 
KOvs.  KO-WT  differed  significantly  (P=  0.0497  and  P=  0.0463,  respectively,  based 
on  Mann-Whitney  rank  test).  n  =  10.  Values  are  mean  ±  SEM. 


mAb  390  does  not  bind  to  any  of  the  tumor  cell  types  whose  me¬ 
tastasis  it  suppresses.  Rather,  the  antimetastatic  activity  produced 
by  anti-PECAM-1  mAb  is  mediated  specifically  by  its  binding  to 
PECAM-1  expressed  on  VEC. 

Intriguingly,  we  found  that  anti-PECAM-1  mAb  suppressed 
tumor  metastasis  more  effectively  when  administered  at  an  ad¬ 
vanced  stage  (Fig.  IB),  a  time  when  the  explosive  growth  of  mac¬ 
roscopic,  already  well-established  metastases  typically  is  seen  (5). 
Conversely,  administration  of  the  antibody  during  the  initial  for¬ 
mation  of  micrometastatic  tumor  foci  did  not  inhibit  the  emergence 
of  clinically  apparent  metastases.  In  addition,  late-stage  tumor  me¬ 
tastases  were  suppressed  strongly,  whereas  early  metastatic  spread 
was  unaffected  in  PECAM-l-KO  versus  WT  mice.  Chimeric  mice 
revealed  that  the  PECAM-1  metastasis-promoting  effects  are  me¬ 
diated  by  VEC-expressed,  not  by  WBC-expressed,  PECAM-1.  Be¬ 
cause  its  antimetastatic  effects  are  mediated  by  binding  to  VEC 
rather  than  the  tumor  cells  themselves,  anti-PECAM-1  mAb  ap¬ 
pears  to  act  independent  of  tumor  type. 

Single-agent  anti-PECAM-1  mAb  is  highly  effective  against 
advanced,  life-threatening  tumor  metastases  but  is  ineffective 
against  clinically  silent  micrometastases.  Our  results  demonstrate 
that  an  anticancer  treatment  can  effectively  treat  the  preterminal 
stages  of  metastatic  progression,  but  be  ineffective  when  admin¬ 
istered  during  its  early,  asymptomatic  stages.  In  contrast,  the 
currently  used  antitumor  mAbs  are  being  used  increasingly  to 
treat  earlier-stage  human  cancers  (6, 26).  Furthermore,  PECAM- 
1  acts  through  VEC  to  regulate  metastasis  in  a  novel  way, 
by  specifically  controlling  proliferation,  not  angiogenesis,  in 
advanced  tumor  metastases.  Targeted  VEGF  antagonists  inhibit 


angiogenesis  in  both  primary  and  metastatic  tumors  and  play 
a  major  role  in  treating  metastatic  human  cancers  (27).  Anti- 
PECAM-1  mAb  inhibits  angiogenesis  in  primary  tumors  (13)  but 
does  not  affect  angiogenesis  within  advanced  tumor  metastases, 
indicating  that  some  molecularly  targeted  therapies  can  elicit 
different  biologic  responses  within  different  tumor  micro¬ 
environments.  Thus,  the  vascular  endothelium,  acting  through 
VEGF,  as  well  as  PECAM-1,  can  regulate  metastatic  progression 
through  different  mechanisms,  further  expanding  its  role  in 
directing  tumor  metastasis. 

Remarkably,  dose-intensive,  preterminal  mAb  administration 
effectively  treated  the  treatment-refractory  end  stages  of  met¬ 
astatic  progression.  Specifically,  one  additional  (sixth)  dose  of 
anti-PECAM-1  mAb,  administered  to  mice  that  were  already 
preterminal,  was  itself  strikingly  effective,  further  reducing  lung 
metastatic  burden  by  an  additional  50%  against  B16-F10  and  an 
additional  35%  against  4T1  tumors,  when  compared  to  the  five 
anti-PECAM-l-mAb  dose  regimen  lacking  a  pre-terminal  dose. 
Although  many  anticancer  treatments  are  significantly  more 
toxic  in  hosts  already  debilitated  from  advanced  tumor  metas¬ 
tases,  high  doses  of  anti-PECAM-1  mAb  administered  during 
the  preterminal  phase  not  only  appeared  nontoxic  but 
also  significantly  reduced  tumor-induced  cachexia.  In  addition, 
PECAM-l-KO  mice  grow  and  develop  normally  (22).  Taken 
together,  these  results  suggest  anti-PECAM  mAb  therapy  may 
be  well  tolerated,  even  in  human  patients  already  severely  de¬ 
bilitated  by  advanced  metastases. 

Studies  of  metastasis  often  focus  on  the  early  stages  of  meta¬ 
static  spread,  and  the  study  of  preterminal  metastatic  pro¬ 
gression  generally  has  been  avoided.  In  contrast,  clinical  trials  of 
investigational  anticancer  agents,  selected  based  on  early-stage 
preclinical  studies,  often  are  conducted  in  patients  bearing  late- 
stage  metastases,  suggesting  a  mismatch  between  models  studied 
and  patients  treated.  The  striking  efficacy  of  anti-PECAM-1 
mAb  against  preterminal  metastases  coupled  with  its  inactivity 
against  very  early-stage  metastatic  spread  suggests  that  the  lethal 
growth  of  advanced  tumor  metastases  is  controlled,  at  least  in 
part,  by  late-stage-specific,  prometastatic  drivers.  Furthermore, 
these  results  indicate  that  late-stage-specific  testing  of  novel 
antitumor  agents  will  reveal  some  agents  active  only  during  this 
usually  treatment-resistant  phase  of  metastatic  progression.  Such 
agents  may  include  agents  previously  determined  to  be  in¬ 
effective  when  tested  solely  against  early-stage  metastatic  spread. 

This  apparent  anomaly  may  result  in  part  from  the  largely 
proliferation-driven  nature  of  advanced  metastatic  disease  (5). 
Conversely,  the  successful  establishment  of  micrometastatic  foci 
depends  upon  the  abilities  of  tumor  cells  to  invade  locally,  intra- 
vasate  home  to  distant  organs,  extravasate,  and  induce  tumor 
neoangiogenesis  (4).  Recent  studies  have  shown  that  i.v.  injected 
nontumorigenic  mammary  gland  cells  can  colonize  and  grow 
within  the  lung  for  prolonged  periods  (28),  further  supporting  the 
concept  that  early  metastatic  spread  occurs  by  a  series  of  discrete 
stages.  Taken  together,  our  studies  indicate  that  a  complex  in¬ 
terplay  between  elements  of  the  TME,  paracrine  factors,  and  ad¬ 
vanced  tumor  metastases  controls  the  lethal  progression  of 
advanced  tumor  metastases.  Selectively  targeting  PECAM-1  rep¬ 
resents  a  TME-targeted  therapeutic  approach  that  suppresses 
even  lethal,  end-stage  metastatic  progression,  until  now  a  re¬ 
fractory  clinical  entity. 

Materials  and  Methods 

Monoclonal  Antibodies.  Anti-PECAM-1  mAb  390  is  an  lgG2A  class  anti-murine 
CD31  antibody  that  binds  to  a  14-aa  epitope  on  domain  II  of  the  extracel¬ 
lular  Ig  domains  of  CD31  (6).  An  lgG2A  rat  isotype  control  mAb  was  pur¬ 
chased  from  Sigma.  mAbs  were  cleared  of  LPS  using  the  EndoTrap  Red 
system  (Lonza)  to  fewer  than  two  units  of  endotoxin  per  milliliter  as  de¬ 
termined  by  a  limulus  amebocyte  lysate  assay  (Pyrogent  Plus;  Lonza). 

3D  Coculture  Assay.  Six-well  polystyrene  plates  (Corning)  were  coated  with 
300  |iL  of  Matrigel  (BD  Biosciences).  One  hour  later,  2  x  105  CD3  or  H5V  cells 
(VEC  lines)  were  plated.  Eight  hours  later,  after  VEC  capillary-like  structures 
had  formed,  2  x  1 05  B 1 6-F1 0  or  4T1  cells  were  added,  together  with  200  |ig/mL 
of  either  anti-PECAM-1  or  control  mAb.  mAbs  were  added  again  at  24  and 
48  h,  and  all  cells  and  culture  supernatants  for  conditioned  media  were  har¬ 
vested  at  72  h.  All  wells  were  trypsinized  and  counted  using  a  hemocytometer. 
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In  Vivo  Monoclonal  Antibody  Treatments  and  Analysis  of  Antitumor  Activity. 

B16-F10  murine  melanoma  cells,  LOX  human  melanoma  cells,  and  4T1  breast 
carcinoma  cells  were  freshly  thawed  and  grown  in  10%  FBS  in  RPMI-1640  me¬ 
dium  (Invitrogen)  for  48  h.  On  day  0,  groups  of  6-wk-old  female  C57BL/6  (B16- 
F10),  BALB/C  (4T1),  or  BALB/C  nude  (LOX)  mice  (n  =  10  mice  per  group) 
(Simonsen  Laboratories)  were  injected  i.v.  with  25,000  B16-F10  cells,  50,000  4T1 
cells,  or  1,000,000  LOX  cells,  respectively,  in  200  pL  of  culture  medium.  In  groups 
receiving  early-stage  treatment,  each  mouse  received  one  i.v.  injection  of  200 
|jg  of  anti-PECAM-1  mAb  390  or  isotype  control  mAb  on  day  0  and  one  dose 
every  other  day  through  day  7.  The  groups  receiving  late-stage  treatment 
received  one  i.v.  injection  of  200  pg  of  anti-PECAM-1  or  isotype-control  mAb 
on  day  7  and  then  every  other  day  through  day  1 5.  All  mice  were  weighed  on 
day  0,  before  tumor  cell  injection,  and  then  were  randomized  so  that  treated 
and  control  groups  had  comparable  weights.  The  mice  were  weighed  again 
before  they  were  killed.  Differences  in  mean  total  body  weight  represent 
those  occurring  over  the  entire  21 -d  duration  of  the  experiment.  All  mice 
were  killed  humanely  when  multiple  tumor-bearing  control  mice  required 
sacrifice.  Although  survival  studies  could  not  be  performed  (in  accordance 
with  institutional  animal-care  guidelines),  the  lack  of  early  deaths  in  the  six- 
dose  mAb-treated  group  suggests  their  survival  would  be  prolonged.  Lungs 
dissected  from  each  mouse  were  weighed  immediately.  For  B 1 6-F 1 0— in¬ 
oculated  mice,  lungs  were  infused  transtracheally  with  5%  neutral  buffered 
formalin/PBS.  For  4T1-  and  LOX-inoculated  mice,  lungs  were  infused  with 
15%  India  ink  in  Fekete's  solution.  Black-brown  B16-F10  metastatic  tumors 
and  counterstained  4T1  and  LOX  tumors  (white)  were  counted  under  a  dis¬ 
secting  microscope. 

Analysis  of  Lung  Surface  Area  Occupied  by  Metastatic  Tumors.  Images  of  all 
histologic  sections  in  the  anti-PECAM-1  mAb  and  control  groups  were  cap¬ 
tured  using  a  Nikon  Digital  Sight  D5-U1  camera  and  Nikon  80i  microscope. 
The  total  lung  surface  area  and  the  surface  area  occupied  by  individual  tu¬ 
mor  masses  within  the  lung  were  outlined  using  the  area  function  of  NIS- 
Elements  Software  (Nikon  Instruments),  and  the  percentage  of  lung  occu¬ 
pied  by  tumor  was  calculated. 

Generation  of  Mice  Chimeric  for  CD31  on  VEC  and  WBC.  Bone  marrow  chimeric 
mice  were  generated  as  previously  described  (23).  Within  24  h  after  irradi¬ 
ation,  5  x  106  cells  of  donor  marrow  obtained  from  nonirradiated  mice  were 
injected  i.v.  into  irradiated  recipient  mice.  Tumor  cells  were  injected  4-6  wk 
after  transplantation.  Flow  cytometry  analysis  of  leukocytes  using  an  anti¬ 
mouse  PECAM-1  antibody  confirmed  the  chimeric  phenotype. 

1.  Chambers  AF,  Groom  AC,  MacDonald  1C  (2002)  Dissemination  and  growth  of  cancer 
cells  in  metastatic  sites.  Nat  Rev  Cancer  2:563-572. 

2.  Gupta  GP,  Massague  J  (2006)  Cancer  metastasis:  Building  a  framework.  Cell  127: 
679-695. 

3.  Liotta  LA,  Kohn  EC  (2001)  The  microenvironment  of  the  tumour-host  interface. 
Nature  411:375-379. 

4.  Woodhouse  EC,  Chuaqui  RF,  Liotta  LA  (1997)  General  mechanisms  of  metastasis. 
Cancer  80(8,  Suppl):1 529-1 537. 

5.  Cameron  MD,  et  al.  (2000)  Temporal  progression  of  metastasis  in  lung:  Cell  survival, 
dormancy,  and  location  dependence  of  metastatic  inefficiency.  Cancer  Res  60: 
2541-2546. 

6.  Steeg  PS  (2006)  Tumor  metastasis:  Mechanistic  insights  and  clinical  challenges.  Nat 
Med  12:895-904. 

7.  O'Brien  CD,  Cao  G,  Makrigiannakis  A,  DeLisser  HM  (2004)  Role  of  immunoreceptor 
tyrosine-based  inhibitory  motifs  of  PECAM-1  in  PECAM-1 -dependent  cell  migration. 
Am  J  Physiol  Cell  Physiol  287:C1 103-C1 113. 

8.  Yan  HC,  et  al.  (1995)  Alternative  splicing  of  a  specific  cytoplasmic  exon  alters  the 
binding  characteristics  of  murine  platelet/endothelial  cell  adhesion  molecule-1 
(PECAM-1).  J  Biol  Chem  270:23672-23680. 

9.  Muller  WA  (1995)  The  role  of  PECAM-1  (CD31)  in  leukocyte  emigration:  Studies  in 
vitro  and  in  vivo.  J  Leukoc  Biol  57:523-528. 

10.  Newman  PJ,  Newman  DK  (2003)  Signal  transduction  pathways  mediated  by  PECAM-1 : 
New  roles  for  an  old  molecule  in  platelet  and  vascular  cell  biology.  Arterioscler 
Thromb  Vase  Biol  23:953-964. 

11.  Kashani-Sabet  M,  et  al.  (2002)  Identification  of  gene  function  and  functional 
pathways  by  systemic  plasmid-based  ribozyme  targeting  in  adult  mice.  Proc  Natl  Acad 
Sci  USA  99:3878-3883. 

12.  Vantyghem  SA,  Postenka  CO,  Chambers  AF  (2003)  Estrous  cycle  influences  organ- 
specific  metastasis  of  B16F10  melanoma  cells.  Cancer  Res  63:4763-4765. 

13.  Zhou  Z,  Christofidou-Solomidou  M,  Garlanda  C,  DeLisser  HM  (1999)  Antibody  against 
murine  PECAM-1  inhibits  tumor  angiogenesis  in  mice.  Angiogenesis  3:181-188. 


Immunohistochemistry.  Antibodies  used  include  rat  anti-murine  K,-67  antigen 
and  rabbit  anti-human  von  Willebrand  factor  antigen  (both  from  Dako) 
and  rat  anti-murine  CD-34  antigen  (Abeam).  Sections  were  pretreated  with 
microwave  antigen  retrieval  in  10  mM  citrate  buffer  for  10  min.  Endogenous 
antibodies  were  blocked  with  normal  goat  serum  (1:10  dilution  (Vector  Lab¬ 
oratories)  and  then  were  incubated  with  the  primary  antibody  localized  using 
an  avidin-biotin  complex  kit  (Vector  Laboratories)  appropriate  for  the  primary 
antibody.  A  red  alkaline  phosphatase  substrate  was  used  to  avoid  confusion 
with  melanin  granules. 

Assessment  of  Angiogenesis  Rates  Within  Metastatic  Tumors.  Intratumoral 
blood  vessels  were  quantitated  using  anti-von  Willebrand's  factor  staining,  as 
previously  described  (17).  Intratumoral  blood  vessels  also  were  assessed  by 
immunoreactivity  to  CD34,  using  criteria  previously  described  (19). 

Assessment  of  Apoptosis  and  Mitosis  Rates  Within  Metastatic  Tumors.  Mitotic 
and  apoptotic  figures  were  counted  on  4-pm  H&E-stained  slides  with  a  con¬ 
ventional  light  microscope.  Apoptotic  bodies  (21)  were  counted,  and  apoptotic 
rates  were  calculated  as  previously  described.  For  determination  of  K,-67 
positivity,  individual  K,-67  positively  stained  cells  within  grid  spaces  completely 
occupied  by  tumor  were  counted  («40  grids  per  lung)  and  were  expressed  as 
the  mean  number  of  /Cr67-positive  cells  per  100  pm2  of  tumor  tissue. 

Statistical  Methods.  For  continuous,  normally  distributed  data,  a  one-way 
ANOVA  was  used  to  determine  whether  there  were  any  differences  among 
different  treatments.  If  this  test  was  significant  (P  <  0.05),  pairwise  two-sided 
Student's  t  tests  were  conducted  to  compare  the  different  treatments.  This 
method  was  used  to  avoid  inflation  of  P  values  by  multiple  testing.  When 
measurements  were  not  normally  distributed,  a  Kruskal-Wallis  rank  test  was 
used  first  to  test  whether  there  were  differences  among  different  treat¬ 
ments  (including  no  treatment).  If  the  Kruskal-Wallis  test  was  significant 
(P  <  0.05),  the  Mann-Whitney  rank  test  was  used  for  comparisons  between 
pairs  of  treatments.  Statistical  calculations  were  carried  out  using  Stata 
version  11.1  (StataCorp). 
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